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Abstract
Squamous cell carcinoma is a malignancy of squamous epithelia and affects multiple organs of
the body. Investigating the underlying signalling pathways and the molecular mechanisms is
essential to gain a profound understanding of the disease pathology, aetiology and to uncover
potential drug targets. The deubiquitylating enzyme, USP9X, has been associated with
epithelial cancers of breasts, colon, lung, liver, pancreas, mouth and the skin. The current study
investigated the functional and molecular role of USP9X in head and neck squamous carcinoma
cell lines (HNSCC) and skin keratinocytes. Also, the role of USP9X in DNA damage response
of keratinocytes was investigated.
USP9X protein expression was altered in four HNSCC cell lines, derived from tongue (SCC15
and CAL27) and pharynx (Fadu and Detroit 562) by treating them with siRNAs (loss of
function) or by transfecting them with plasmids (gain of function). CyQuant and Flow
cytometry analyses revealed that USP9X promoted proliferation and regulated cell cycle of
these cell lines. RT-qPCR analysis of target gene expression revealed that USP9X also
regulated Notch activity in these cells. However, at least in one cell line (FaDu), USP9X’s
regulation of proliferation did not appear to operate through the Notch pathway but possibly
occurs via mTOR pathway. Immunoblot analysis revealed a decrease in downstream targets of
mTOR complex 1 namely, total ribosomal protein (S6) and its phosphorylated form (pS6),
when USP9X was depleted from FaDu cells. In contrast, in immortalised but non- tumourigenic
HaCaT human keratinocytes, USP9X depletion led to an increase in cell proliferation and
again, USP9X levels directly correlated with Notch pathway activity.
Data presented in this study also confirms the previously reported role of USP9X in cell
survival in response to DNA damage. HaCaT cells were exposed to high UVB radiation (200
mJ/cm2) showed a reduction in cell viability in the absence of USP9X as determined by
ii

Trypan blue exclusion and MTS assays. Apoptosis and necrosis were the preferred modes of
death in keratinocytes irradiated with UVB. The reduction of cell viability in absence of
USP9X seems to be independent of its role in stabilizing pro-survival protein, MCL-1, but
possibly depends on its novel role in regulation of kinases activated during the DNA damage
response. Depletion of USP9X protein in HaCaT cells prior to exposure to UV radiation
affected the DNA damage induced phosphorylation of both Ataxia telangiectasia mutated
(ATM) and Ataxia telangiectasia and Rad3 related (ATR) kinases. Defects in kinase activities
directly affected the downstream phosphorylation events, such as phosphorylation of H2AX
(γH2AX). γH2AX plays a critical role in cell cycle checkpoint activation following DNA
damage and cell cycle analysis revealed a high percentage of irradiated USP9X depleted cells
in G2/M phase, possibly indicating a defective G2/M arrest.
In conclusion, this study provides evidence for the context dependent role of USP9X in cell
proliferation of squamous cell epithelia and its role in the cell survival of skin keratinocytes
following UVB induced DNA damage. The data presented here also suggests that USP9X
regulates squamous epithelial cell proliferation possibly through the mTOR pathway and cell
survival post irradiation, through regulation of kinases important for the DNA damage
response. This is the first report to demonstrate the effect of USP9X on the phosphorylation of
ATM and ATR and their downstream target, H2AX.
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Chapter 1
General Introduction
1.0 Squamous cell carcinoma
Squamous cell carcinoma (SCC) is a malignancy occurring in organs covered by squamous
epithelium such as skin, lips, mouth, oesophagus, urinary tract, prostate, lungs, vagina and
cervix. Of these anatomic sites, the vast majority of SCCs arise as non-melanoma skin cancer,
head and neck cancer, oesophageal cancer, and non-small cell lung cancer.
As with all cancers, development of SCC involves a number of obligate steps. The multistage
mouse skin carcinogenesis model has contributed immensely in defining the basic biology of
SCC development in skin and other epithelia (Abel et al., 2009). It is a simple, versatile and
reproducible in vivo model, involving an initial treatment of the dorsal skin with a single dose
of a carcinogen, most commonly, 7,12-dimethylbenz[a]anthracene (DMBA) followed by
multiple applications of a tumour promotor, typically, 12-O-tetradecanoylphorbol-13-acetate
(TPA). This leads to the development of squamous papillomas which are benign neoplastic
lesions consisting of hyperplastic keratinocytes and supporting stromal cells (Abel et al., 2009).
More than 90% of the papillomas developed from the DMBA treatment have the same initiating
mutation at codon 61 of the Harvey ras (H-ras) gene (Quintanilla et al., 1986), indicating that
there is an extremely strong selective advantage to epithelial cells with “certain” mutations.
The mutation of codon 61 from CTA to CAA leaves the resulting protein in a constitutively
activated status. Ras genes (H-,K-, and N-ras) code for similar membrane bound GTPases of
molecular weight 21 kDa. Ras activates a number of downstream signalling pathways leading
to cell growth, proliferation and differentiation. Further genetic analysis revealed that
heterozygous H-ras mutations could be detected in initiated skin prior
1

to the emergence of tumours (Nelson et al., 1992) and the application of tumour promoters is
necessary to cause selective clonal outgrowth of initiated cells to produce multiple benign
squamous cell papillomas, each representing an expanded clone of initiated cells (Boutwell,
1987; Deamant and Iannaccone, 1987). In the DMBA-TPA model, TPA, a phorbol ester, acts
as a potent exogenous skin tumour promoter by activating Protein kinase C and accelerating
terminal differentiation of normal keratinocytes. However, initiated keratinocytes are resistant
to terminal differentiation induced by activators of Protein kinase C (Hennings et al., 1987)
and this differential response of normal and initiated cells favours the growth of the neoplastic
subpopulations resulting in clonal outgrowths to papillomas.
Malignant progression and conversion, which follows the earliest premalignant events of
exogenous exposure to initiators and promoters are thought to be significantly more complex.
In the DMBA/TPA induced model, only a small percentage (5-10%) of papillomas progress to
malignant, invasive squamous cell carcinomas and differences persist in the progression
frequencies among the papillomas (Scribner et al., 1983; Hennings et al., 1985). This
progression involves more than changes in tumour cell growth since the growth rate of high
risk papillomas and malignant tumours is similar (Yuspa, 1994). The homozygosity of mutant
H-ras alleles and mutations in p53 gene frequently found in carcinomas suggest that structural
and genetic changes are required for the conversion. Phospho protein, p53 (p53) is a tumour
suppressor and has been found to play a key role in stimulating apoptosis by upregulating
expression of pro apoptotic Bax proteins in response to DNA damage (Yu and Zhang, 2009).
p53 is known as the caretaker of the genome and its loss has been linked to increased genomic
instability and variability leading to the generation of mutant cells with selective advantages
(Lengauer et al., 1998).

2

DMBA/TPA model has defined the complex process of SCC development as occurring in three
stages, initiation, promotion and progression. Initiation involves DNA damage leading to
mutation(s), followed by promotion, which involves enhanced proliferation and altered cell
behaviour. Finally, the progression results from subsequent genetic changes such as loss of
heterozygosity and gene amplification.
To date, numerous genetic alterations have been identified in SCC sub-types, which are key
components of effector pathways regulating vital cellular processes such as proliferation,
differentiation, migration and survival. Identifying the pathways commonly deregulated in
cancer is essential to gain a more profound understanding of tumourigenesis and to design
effective drug therapeutics. Signalling pathways are strictly governed by regulatory
mechanisms, which orchestrate the activation, deactivation and the duration of the signalling.
Deregulation of such pathways contributes immensely to tumour generation and ubiquitylation
is one such crucial regulatory process frequently altered in cancers. The

process of

ubiquitylation is described in detail in the following section, 1.1.

1.1 Ubiquitylation
Ubiquitylation is a post translational modification regulating the proteins of a cell and occurs
when a highly conserved protein of 76 amino acids, ubiquitin (Ub), is covalently attached to a
target protein altering its stability, function and/or localization (Wilkinson, 2004, 2005).
Conjugation of ubiquitin to its substrate occurs via the sequential action of three enzymes, a
ubiquitin activating enzyme, E1, a ubiquitin conjugating enzyme, E2 and a ubiquitin ligase,
E3 (Figure 1.1). The human genome encodes two E1 activating enzymes, 38 E2-congugating
enzymes and 600-700 E3 ligases (Hindley et al., 2011). The ubiquitin activating enzyme, E1,
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activates ubiquitin forming a thiol ester bond between the C-terminus of ubiquitin and the
active cysteine of the E1 enzyme in an ATP-mediated reaction. The activated ubiquitin is
subsequently transferred to the active site cysteine of a E2 ubiquitin conjugating enzyme, which
together with a E3 ubiquitin ligase, transfers the ubiquitin to a lysine residue in the target
protein (Reyes-Turcu and Wilkinson, 2009).
Ubiquitylation of target proteins by E3 ligases usually occurs after the substrates have gone
through a structural modification such as misfolding or another post-translational modification
such as phosphorylation (Fuchs et al., 1996; Magnani et al., 2000). E3 ligases recognise a
diverse range of molecular signatures for ubiquitylation, referred to as degrons. HECT
(homologous to the E6-Ap carboxyl terminus) and cullin-RING E3 ligases are the two families
of E3 ligases and they display a wide diversity in substrate binding domains despite possessing
conserved E2-association domains. The ubiquitylation process is further diversified through
the generation of chains, which are assembled through isopeptide bond formation between the
carboxyl-terminal glycine and any one of the seven internal lysine residues of ubiquitin (Lys6,
Lys11, Lys27, Lys 29, Lys33, Lys48 or Lys63) but, residues K48 and K63 are the most
common linkage sites (Xu, P. et al., 2009). Proteins substrates can be monoubiquitylated with
a single Ub molecule, multi-ubiquitylated with single Ub molecules bound to multiple lysine
residues within the substrate or polyubiquitylated with a chain of Ub molecules bound from a
single lysine residue on the target protein. Different ubiquitin linkages impart different cellular
fates to the attached protein. For an instance, K48 based ubiquitin linkages lead mainly to
proteasome mediated degradation of proteins, whereas K63 or monoubiquitin chains result in
protein endocytosis, as well as trafficking and enzyme activity (Komander, 2009). The
proteasome is a multimeric barrel shaped protein structure, which is the key functional unit
for non-lysosomal protein degradation. The ubiquitin-
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proteasome system is responsible for the degradation of more than 80% of normal and
abnormal intracellular proteins and is a highly regulated system.

Figure 1.1 Ubiquitylation cascade. The attachment of ubiquitin (Ub) is carried out by the
sequential activity of three enzymes; ubiquitin-activating enzyme (E1), ubiquitin-conjugating
enzyme (E2) and ubiquitin-ligase (E3). Ub is activated by E1 in an ATP dependent reaction.
The activated Ub is then transferred to E2 enzyme which carries the ubiquitin to the E3 ligase.
E3 ligase adds the Ub to a lysine residue on the substrate protein but deubiquitylating enzymes
(DUB) can reverse this. The proteasome then degrades the polyubiquitylated proteins (K48)
and the DUBs residing on the proteasome recycles the ubiquitin molecules.

5

1.2 Signalling pathways of SCC and their regulation by ubiquitylation
1.2.1 Epidermal growth factor receptor (EGFR) signalling
EGFR enhances tumour growth, invasion, and metastasis, and is a key factor in epithelial
malignancies. It is found to be activated in more than 80% of certain SCC cancers (Saranath et
al., 1992; Siwak et al., 2010). EGFR is a member of the ErbB family of tyrosine kinase
receptors that transmit growth-inducing signals upon binding of EGFR ligands such as TGF α
and EGF and in turn activates a network of downstream signalling pathways like
phosphoinositide 3-kinase (PI3K)/Akt and Ras/Raf/ERK1/2 (Klein and Grandis, 2010). In
normal tissues, the availability of EGFR ligands is tightly regulated to match the kinetics of the
cell proliferation with cellular homeostasis. However, in cancer cells EGFR signalling is
perpetually activated either due to sustained production of ligands in the tumour
microenvironment or due to over production of receptors or mutations in receptors that
constitutively activate them. Hyperactivation of EFGR is directly correlated with poor survival,
disease relapse and resistance to chemo and radiotherapies (Thomas et al., 2005; Sato et al.,
2014).
EGFR signalling is limited by internalization and degradation of receptors. The E3 ubiquitin
ligase, Casitas B-lineage lymphoma protein (c-Cbl) is recruited to specific tyrosine residues
within the intracellular domain of EGFR (Ravid et al., 2004). This domain is then ubiquitylated
targeting them to the lysosome for degradation. Ubiquitylation by c-Cbl has no defined role in
receptor internalization but plays a definite part in receptor sorting to lysosome. Lack of c-Cbl
ubiquitylation increases receptor recycling to the plasma membrane and prevents receptor
degradation (Levkowitz et al., 1998; Marmor and Yarden, 2004). It is not surprising that cancer
cells have developed diverse strategies to decrease ubiquitylation and downregulation of EGFR
by c-Cbl. Mutations are often found in c-Cbl RING domain or
6

tyrosine kinase-binding domain that renders it functionally unable to regulate EGFR (Joazeiro
et al., 1999; Thien et al., 2001). Additionally, a deletion mutant of EGFR that lack exons 2 to
7 has been commonly reported in several cancers (Nishikawa et al., 1994; HuangFu and Fuchs,
2010). This deletion mutation results in the EGFR missing a large part of the extracellular
ligand-binding domain resulting in its phosphorylation in a ligand independent fashion.
However, even though constitutively active, their EGFR-activity is found to be weak compared
to the wild type and does not cross the threshold above which proteins such as c-Cbl could be
recruited to the intracellular domain. This low EGFR activity enables evasion of receptor
internalization, thus allowing constitutive EGFR signalling (Schmidt et al., 2003; Shtiegman
et al., 2007).
The ubiquitin system also plays a role in regulating the downstream signalling pathways of
EGFR such as PI3K/Akt (Figure 1.2). Activated EGFR recruits phosphoinositide 3-kinase
(PI3K) through adaptor proteins such as growth factor receptor-bound protein2 (GRB2) or
GRB2-associated-binding proteins (GABs), which in turn converts membrane bound
phosphatidylinositol-4-5 –biphosphate (PIP2) to phosphatidylinositol-3,4,5-triphosphate
(PIP3) (Wöhrle et al., 2009; Martini et al., 2014). PIP3 binds and recruits serine threonine
kinase Akt to the plasma membrane enabling its phosphorylation and activation. Activated Akt
phosphorylates and activates downstream effectors such as PI3K-related protein kinase and
mechanistic target of rapamycin (mTOR). There are two distinct mTOR complexes, mTOR
complex 1 (mTORC1) which is composed of mTOR, regulatory-associated protein of mTOR
(Raptor) and mLST8 (Kim, D. H. and Sabatini, 2004), and mTOR complex 2 (mTORC2),
which is composed of mTOR, rapamycin insensitive companion of mTOR (Rictor), mLST8
and mammalian stress-activated protein kinase interacting protein (mSIN1) (Zaytseva et al.,
2012). mTORC1 is regulated by multiple signals including growth factors, nutrients, energy
status, oxygen and cellular stress and promotes protein synthesis,
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proliferation, cell survival, ribosome biogenesis, angiogenesis, migration and invasion.
mTORC2 functions predominantly in actin remodelling, cell-cycle progression and cell
survival.
Two distinct ubiquitylation systems have been reported that regulate Akt activity. The first
through K-48 linked polyubiquitylation of Akt. The E3 ubiquitin ligase, tetratricopeptide repeat
domain 3 (TTC3) interacts with Akt and induces polyubiquitylation resulting in proteasomal
degradation of Akt (Suizu et al., 2009). Phosphorylation of TTC3 is an important prerequisite
for its ubiquitylation activity and interestingly, it is phosphorylated at Ser378 by the activated
Akt (Toker, 2009). The E3 ligases, breast cancer susceptibility gene 1 (BRCA1), mitochondrial
protein (MULAN) and chaperone-associated ubiquitin ligase (CHIP) are also negative
regulators of Akt and are found to ubiquitylate and degrade Akt (Xiang et al., 2008; Bae et al.,
2012; Noguchi et al., 2014). BRCA1 interacts presumably with nuclear localized Akt whereas,
MULAN and CHIP interacts with Akt in the cytosol.
The second ubiquitin system is K-63 linked ubiquitylation of Akt via the E3 ubiquitin ligase,
TRAF6, a member of tumour necrosis factor receptor-associated factor family (Yang et al.,
2009). In contrast to K-48 ubiquitin linkage, K-63 ubiquitin linkage promotes the activity of
Akt. TRAF6 mediated ubiquitylation of Akt, promotes its membrane recruitment and
phosphorylation. However, TRAF6 regulation on Akt seems to be highly cell specific since its
downregulation in T cells resulted in higher PI3K/Akt pathway activity (King et al., 2006;
Noguchi et al., 2014). Additionally, ubiquitylation also controls other components of this
pathway such as mTOR by degrading its endogenous inhibitor, DEPTOR (Zhao, Yongchao
and Sun, 2012). Upon mitogen stimulation the E3 ubiquitin ligase SCFβ-TrCP, promotes the
ubiquitylation and degradation of DEPTOR (Wang, Zhiwei et al., 2012). DEPTOR
phosphorylation, a prerequisite for ubiquitylation, is carried out by four different kinases
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including, mTOR or its downstream target S6K1 indicating that mTOR can positively regulate
its own activity (Gao, D. et al., 2011; Zhao, Yongchao and Sun, 2012).
Aberrant activation of PI3K/Akt is especially predominant in head and neck squamous cell
carcinoma (HNSCC) and its activation is a main cause for resistance to EGFR inhibitors
(Rampias et al., 2014; Wang, Zhiyong et al., 2014). In a recent study, strikingly, almost one
third of all HNSCC tumours analysed harboured PI3K- pathway mutations and PI3KCA was
identified as the most commonly mutated gene in HNSCC-PI3K mutational profile (Lui et al.,
2013). Furthermore, 4% of the tumours contained PIK3CG and PTEN mutations and 2.7% of
them had mutations in PIK3R1, PIK3R5 and PIK3AP1. Mutations in downstream effectors of
the PI3K pathways were rare and just 1.3% of the HNSCC tumours contained such mutations
in AKT2 and mTOR (Lui et al., 2013).
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Figure 1.2 EGFR-PI3K-Akt signalling pathway. The EGFR becomes activated on binding of
ligands such as TGFα and EGF. Intracellular domain of activated EGFR recruits PI3K to the
cell membrane.PI3K converts phosphatidylinositol-4,5-biphosphate (PIP2) to the secondmessenger molecule P1P3. This second messenger then activates downstream effector
molecules, such as Akt and the mammalial target of rapamycin (mTOR), which help to induce
cellular proliferation and block apoptosis. PTEN terminates the P1P3 signal. The mutant
receptor EGFRvIII is persistently activated in the absence of ligand, owing to an in-frame
deletion within the extracellular ligand binding domain. Reproduced with permission from
(Mellinghoff et al., 2005), Copyright Massachusetts Medical Society.

1.2.2 Transforming growth factor beta (TGFβ1) signalling pathway
TGFβ1 is a major negative regulatory pathway in normal epithelial cell proliferation and is a
well-known tumour suppressor during the early stages of tumour development (Ikushima and
Miyazono, 2010; Glick, 2012). The cell surface receptor for TGFβ1 is a complex of TGFβ1
type I and type II transmembrane receptors (TβRI and TβRII respectively). TβRI and TβRII
contain an extracellular ligand binding domain, a transmembrane domain, and a cytoplasmic
serine-threonine kinase domain. Binding of TGFβ1 to TβRII recruits TβRI into heterodimeric
complex resulting in phosphorylation and activation of cytoplasmic domain of TβRI by TβRII
kinase. The activated type I receptor phosphorylate the R-(receptor activated) Smads, Smad 2,
and Smad 3, which form a complex with co-Smad, Smad 4, and translocate to the nucleus to
regulate TGFβ responsive genes. While the Smad pathway represents the canonical signalling
for TGFβ ligands, other signalling cascades such as c-Jun N-terminal protein kinases (JNK),
p38, extracellular-signal-regulated kinases (ERK), mitogen-activated
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protein kinases (MAPK), and PI3K/Akt pathway can be activated by these ligands (Lebrun,
2012).
TGFβ signalling is downregulated and inhibited via various mechanisms. Those include;
phosphatases that dephosphorylate Smad2 and 3 attenuating the signal strength; inhibitorySmads, Smad 6 and 7, which block type I receptor phosphorylation of R-smads; the E3
ubiquitin ligase, Smad Ubiquitin regulatory factor (Smurf), which ubiquitylates and degrades
pathway activating R Smads (Xie, Y. et al., 2013). Additionally, Smurf1 ubiquitylates Smad7,
a negative regulator of this pathway, and induces its localization from nucleus to cytoplasm
thereby enhancing Smad7 inhibitory activity (Kavsak et al., 2000). The ubiquitin system also
regulates the central transducer of the TGFβ pathway, Smad4. Monoubiquitylation of Smad4
at lysine 519 by Ectodermin/Tif1γ (Ecto), reversibly blocks its activity, rather than stability and
prevents the stable complex formation with the R-Smad, Smad 2 (Dupont, Sirio et al., 2005;
Wang, B. et al., 2008).
Inactivating mutations in TGFβ receptors and Smad genes have been found to be an underlying
cause for several human cancers. Decreased TGFβ expression in tumours is reported in HNSCC
and cervical SCCs (Logullo et al., 2003; Torng et al., 2003). Downregulation of either receptor
is observed in up to 60% of SCC tumours (Xie, W. and Reiss, 2011; Glick, 2012). Low
frequency of mutations in Smad2 or 4 but none in Smad 3, have also been recorded. However,
loss of heterozygosity has been observed in Smad4 in about 30-50% of HNSCC and
oesophageal SCC tumour samples (Glick, 2012). Studies with cutaneous SCC samples showed
both up and downregulation of the TGFβ pathway. Increased TGFβ expression was
documented in tumour tissues of cutaneous SCC whereas, in another study a decrease in Smad2
and Smad4 mRNA levels was reported in 70% of the tumours
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(Han and Wang, 2011; Glick, 2012). In poorly differentiated tumours, loss of Smad2 was
observed in 100% of the tumours (Glick, 2012).
Although TGFβ acts as an oncosuppressor in normal epithelia and early carcinoma, it behaves
as a prometastatic factor during tumour progression (Jakowlew, 2006). It plays an important
role in epithelial-mesenchymal transition (EMT), a unique process by which epithelial cells
undergo significant morphological changes to transit from epithelial cobblestone phenotype to
elongated fibroblastic phenotype. TGFβ induces expression of genes such as Snail, Slug, ZEB1
and 2, Forkhead factors FOXC2 and FOXQ1 resulting in suppression of the epithelial cell-cell
adhesion molecule, thus, promoting EMT in tumours (Voutsadakis, 2012).
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Figure 1.3 Schematic diagram of canonical TGfβ signalling pathway. R-Smads in the
cytoplasm (A) are recruited to the TGF-β receptors (TβRI and TβRII; B), where they are
phosphorylated (C). A complex with the common Smad, Smad4, is formed (D) and translocated
to the nucleus, where it regulates gene transcription (E). Modified from (Schnaper et al., 2003)

1.2.3 Wnt signalling pathway
Wnt proteins are a large family of secreted glycoproteins and activate the Wnt-pathway,
regulating cell proliferation and differentiation. Canonical Wnt pathway controls β-catenin, a
transcription factor. In the absence of Wnt signalling, β-catenin is in a complex with proteins,
Axin, Adenomatous Polyposis Coli (APC) and the kinase, Glycogen synthase kinase 3 beta
(GSK3 β), which facilitates the efficient phosphorylation of β-catenin resulting in its
polyubiquitylation by β-transducin repeats-containing proteins (β-TRCP) and rapid
degradation by the proteasome (Liu, C. et al., 1999; Stamos and Weis, 2013). This complex is
called the destruction complex. Wnt stimulation involves, extracellular Wnt ligands forming a
complex with the cell-surface receptor Frizzeled (Fz) and low-density lipoprotein receptorrelated protein triggering a series of protein interactions resulting in destabilization of the
Axin-APC-GSK3β destruction complex, obstructing the phosphorylation and subsequent
degradation of β-catenin (Clevers and Nusse, 2012). Due to the saturation of the destruction
complex, cytoplasmic β-catenin localizes to the nucleus and interacts with members of the Tcell factor/lymphocyte enhancer factor (TCF/LEF) family of DNA-binding proteins to
stimulate the expression of target genes (Rao and Kühl, 2010).
β-TRCP is also not the only E3 ligase affecting the stability of β-catenin. The E3 ligase, Jade1, ubiquitylates β-catenin for degradation (Chitalia et al., 2008). However, unlike β-TRCP,
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Jade-1 can interact with unphosphorylated β-catenin and functions independently of the Wnt
signalling pathway. Since Jade-1 is primarily localized in the nucleus, it may mainly regulate
the nuclear pool of β-catenin whereas, β-TRCP is responsible for degradation of cytoplasmic
β-catenin. Additionally, the E2 ligase, Rad6B and the E3 ligase, EDD, were found to interact
positively with β-catenin and promote its stability and activity (Hay-Koren et al., 2011; Gao,
C. et al., 2014).
Not only β-catenin but also Axin and APC have been identified as ubiquitin substrates. Axin is
a scaffold protein and the rate-limiting factor of destruction complex assembly and activity. As
a consequence the cellular levels of Axin are tightly controlled. Wnt induces polyubiquitylation
mediated proteasomal degradation of Axin thus facilitating the stability of Wnt-induced βcatenin (Kim, S. and Jho, 2010). Two ubiquitin ligases have been identified in Axin
ubiquitylation and degradation; Smurf2 (Smad ubiquitination regulatory factor 2) and RNF146
(Kim, S. and Jho, 2010; Zhang, Y. et al., 2011). The scaffold protein APC is also ubiquitylated,
but the E3 ligase is yet to be identified (Gao, C. et al., 2014).
The role of Wnt is well established in epithelial cancers such as colorectal cancer where more
than 80% of tumours harbour inactivating mutations in APC and about 5% carry activating
mutations in β-catenin (Voloshanenko et al., 2013). In head and neck cancers, mutations in βcatenin are rare but mutations in antagonizers, such as FAT1 are common (Morris et al., 2013;
The Cancer Genome Atlas, 2015). FAT1 encodes for a transmembrane protocadherin protein
that localizes to the cell membrane in epithelial tissues and is found to interact with β catenin,
preventing β catenin nuclear localization and diminishing its transcriptional activity (Hou et
al., 2006; Morris et al., 2013). Altered β-catenin expression is reported in several oral
carcinomas and the loss of membranous β-catenin and its increased cytoplasmic/nuclear
accumulation are indicators of disease advancement and poor prognosis (Uraguchi et al.,
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2004; Iwai et al., 2005; Odajima et al., 2005; Kaur et al., 2013). With an appreciation of the
Wnt pathway’s role in EMT, its relevance to the progression and metastasis of several cancers
has been identified (Voutsadakis, 2012; Deng et al., 2015).

Figure 1.4 Overview of the Wnt/β-catenin signaling pathway. (A) In the absence of Wnt
signaling, β-catenin is degraded by a multi-protein destruction complex comprising APC, axin,
and GSK-3β. N-terminal phosphorylation of β-catenin by this complex triggers β-TrCP
mediated ubiquitination and proteasomal degradation. (B) The binding of Wnt ligand to
Frizzled receptors at the plasma membrane lead to disassembly of the destruction complex,
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and stabilization of β-catenin which accumulates and translocates to the nucleus where it
interacts with members of the TCF/LEF-1 family and convert them to potent transcriptional
activators to drive transcription of target genes. Modified from (Jamieson et al., 2012). Licence
no:3816830303914
1.2.4 Notch Pathway
Notch is another evolutionarily conserved signalling pathway playing a pivotal role in cellular
proliferation, differentiation and death. The Notch pathway is activated when the Notch
transmembrane receptors on one cell interact with the membrane-bound extracellular Notch
ligands on a neighbouring cell. In mammals there are four Notch receptors: Notch 1-4, three
Delta-like ligands: Dll-1,3 and 4, and two ligands of the Jagged family: Jagged-1 and 2 (Miele,
2006; Wang, Zhiwei et al., 2010). When Delta/Jagged ligand of one cell binds the Notch
receptor of the neighbouring cell, the receptor is cleaved releasing the intracellular domain of
Notch (ICN). The cleavage is facilitated by the metalloprotease tumour necrosis factor-αconverting enzyme (TACE) and γ-secretase complex (van Tetering et al., 2009; Sorensen and
Conner, 2010). In the absence of ICN cleavage, transcription of Notch target genes is inhibited
by a repressor complex consisting of C-protein binding factor 1/ suppressor of Hairless/Lag-1
(CSL). When cleaved ICN enters the nucleus it binds CSL and recruits transcriptional
activators to the complex turning the transcriptional repressor into a transcriptional activator
complex (Maier et al., 2011). The transcriptionally active complex directs the expression of
several downstream target genes, including two families of basic- helix-loop-helix transcription
factors: Hairy enhance of split (Hes) family and Hairy/enhancer of spit related with YRPW
motif (Hey) family (Fischer and Gessler, 2007; Borggrefe and Oswald, 2009).
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Notch pathway is regulated by ubiquitylation at multiple levels. Following ligand binding, the
endocytosis of ligand along with the extracellular Notch receptor domain within the signalsending cells, is essential to transmit the signal across the membrane of the signal- receiving
cell. Two distinct E3 ligases, Neutralized and Mind bomb, directly monoubiquitylate the ligand
for endocytosis (Pavlopoulos et al., 2001; Itoh et al., 2003; Le Bras et al., 2011). In the signal
receiving cell, this triggers the cleavage of the intracellular domain of Notch and release of
ICN, which can in turn be regulated by another E3 ligase, F- box and WD-40 domain protein
(Fbxw7) (Welcker and Clurman, 2008). Fbxw7 polyubiquitylates ICN leading to its rapid
degradation. Unliganded receptors are constitutively endocytosed and either recycled to the
cell surface or targeted for lysosomal degradation. Endosomal sorting is important in
preventing improper activation of the Notch receptor. Monoubiquitylation of Notch receptors
at lysine 1749 by the E3 ligase, Deltex, results in receptor endocytosis, but its role is redundant
in certain cell types (Matsuno et al., 1998; Andersson et al., 2011; Le Bras et al., 2011). Three
other E3 ligases, Itch, c-Cbl, and Nedd4 are responsible for sorting and lysosomal degradation
of internalised receptors (Jehn et al., 2002; Sakata et al., 2004; Chastagner et al., 2008).
As a consequence of Notch maintaining the balance of proliferation, differentiation and
apoptosis within a cell, its alterations often lead to tumourigenesis. Intriguingly, Notch shows
both anti-proliferative and oncogenic properties depending on the tissue type and context. Its
anti-proliferative function has been displayed in skin cancers (Reichrath and Reichrath, 2012)
whereas, in head and neck cancers, Notch pathway seems to play a both anti and pro oncogenic
roles. Exome sequencing projects have found recurrent inactivating mutations in NOTCH1, a
transmembrane receptor of Notch pathway (Agrawal, N. et al., 2011; Stransky et al., 2011;
India Project Team of the International Cancer Genome, 2013), but some studies have reported
copy number gains in several genes in Notch signalling pathway such as
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ligands and increased activation of receptors and downstream effectors (Hijioka et al., 2010;
Sun et al., 2014).

Figure 1.5 Canonical Notch signalling. A Notch ligand expressed on the surface of a signal
sending cell interacts with a Notch receptor on the signal-receiving cell, triggering Notch
activation. The E3 ubiquitin ligase mindbomb1 (Mib1) promotes ligand endocytosis and is
required for efficient Notch Receptor activation. Upon ligand activation, the Notch receptor of
the signal-receiving cells is cleaved by metalloprotease, TACE and γ-secreatse, releasing the
intracellular domain of Notch (ICN), which translocates to the nucleus. In the absence of ICN,
a transcriptional repressor complex composed of CSL and additional co-repressors
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(CoR) keeps Notch target genes silent. The interaction of ICN with CSL dissociates the
repressor complex and leads to the recruitment of MAML and additional co-activators such
as, CoA to the complex. The assembly of this transcriptional activation complex leads to
transcription of Notch target genes. Modified from (Koch et al., 2013).

1.3 Deubiquitylation
Like phosphorylation, ubiquitylation is a reversible process. This reversible process is called
deubiquitylation and is carried out by a group of proteases known as deubiquitylases (DUBs).
DUBs remove ubiquitin from a substrate by hydrolysing the isopeptide bond between the Ub
C-terminus and the Lys Ɛ- amino group of the substrate (Hochstrasser, 1996). Deubiquitylation
can recycle ubiquitin, spare proteins from degradation, re-localize proteins to their site of origin
or reverse conformational changes brought about by Ub attachment. Therefore, all Ubinvolving pathways are regulated by the timing and specificity of Ub attachment and removal
by DUBs. Many E3 ligases also self-ubiquitylate and thus their stability within a cell again
depends on DUBs (Mouchantaf et al., 2006; Xie, Y. et al., 2013).
The human genome encodes about 98 DUBs. They can be grouped into five structurally
unrelated families: the ubiquitin specific proteases (USP), ovarian tumour (OTU) proteases,
the ubiquitin C-terminal hydrolases (UCH), the Josephin domain DUBs, and the
JABI/MPN/MOV34(JAMM/MPN+) DUBs. Four of the five DUB families, USP, OTU, UCH
and Josephin are cysteine (Cys) proteases while the JAMM/MPN+ DUBs are zinc-dependent
metalloproteases (Komander, David, 2010). In Cys proteases, a catalytic Cys carries out
nucleophilic attack on the isopeptide linkage between ubiquitin and its substrate. In Zndependent metalloproteases, the zinc ion in the catalytic site activates a water molecule to
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form a hydroxide ion, which in turn attacks the carboxyl carbon in the isopeptide link
(Komander, D., 2010). The largest family of DUBs is USPs and the human genome encodes
more than 50 DUBs of this family, 14 of the OUT family, 4 of the UCH family, 4 with Josephin
domain and 4 JAMM/MPN+ metalloenzymes (Komander, D., 2010).
The deubiquitylating enzyme, Ubiquitin Specific Peptidase 9X or USP9X belonging to the USP
family, has demonstrated a functional role in both development and disease (Murtaza et al.,
2015). USP9X regulates the components of multiple signalling pathways including those
implicated in SCC development.

1.4 USP9X
USP9X belongs to the USP family of DUBs and is 2,570 amino acids in size. It is one of the
~15% of genes encoded on the X chromosome that evade X-inactivation in humans, a
phenomenon ensuring genes encoded by X chromosomes are equal in both males and females.
Not much is known about structure of USP9X, however, USP-definitive cysteine and histidine
box catalytic motifs are present between residues 1531-1971, and an ubiquitin- like domain is
located in the N-terminal extension between amino acids 873-963 (Nijman et al., 2005; Zhu et
al., 2007). USP9X can cleave monoubiquitin from substrates as well as a wide variety of
ubiquitin chains, including K48, K63 and K29 linkages (Murtaza et al., 2015). The protein
sequence of USP9X displays a higher degree of evolutionary conservation from Drosophila to
humans (Wood et al., 1997; Khut et al., 2007). The first USP9X homologue identified was the
Drosophila gene fat facets (faf), which was shown to be essential for the development of the
syncytial stage embryo as well as to determine photoreceptor fate (Fischer-Vize et al., 1992).
The expression of mouse Usp9x cDNA
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rescued both eye and embryo defects in faf mutants, displaying the functional conservation
from flies to mammals (Wood et al., 1997; Chen, X. et al., 2000). USP9X is also one of the
500 human genes with the lowest tolerance to DNA variations and reports associating its
genetic variants to neurological disorders and cancer, accentuate the strong selection against
USP9X mutations (Petrovski et al., 2013).
1.4.1 Cellular functions of USP9X
USP9X is predominantly a cytoplasmic protein but has also shown localisation to the nucleus
(Urbé et al., 2012). Its role in protein trafficking/endocytosis, polarity and cell death is well
documented. USP9X associates with sites of vesicular protein trafficking, such as the Golgi
apparatus, late endosomes and other cytoplasmic vesicles (Murray et al., 2004). Consolidating
its role in endocytosis, liquid facets (lqf) was identified as a substrate of faf (Cadavid et al.,
2000). Lqf is the Drosophila homologue of Epsin, an endocytic adaptor protein involved in
both clathrin-mediated and clathrin-independent endocytosis. Faf opposes the proteasomal
degradation of lqf and stabilization of lqf by Faf is essential for a specific endocytic event
which enable the Notch ligand Delta to signal (Chen, Xin et al., 2002) (Wang, W. and Struhl,
2004). This Usp9x-Epsin interaction has been preserved in mammals as Usp9x and Epsin coimmunoprecipitated from rat brain lysates (Chen, H. et al., 2003). Additionally, USP9X was
also found to deubiquitylate a number of endocytic E3 ligases including Itch and Mind bomb
(Mouchantaf et al., 2006) (Tseng et al., 2014).
Cell polarity is another cellular function regulated by USP9X. USP9X function is implicated
in both apical-basal and planar cell polarity (PCP). In Drosophila genetic studies, faf acts
upstream of core PCP proteins which instruct the polarised epithelial cell movement within the
plane orthogonal to their apical-basal axes (Strutt et al., 2013). Apical-basal polarity in epithelia
is established and maintained by three inter-dependent processes namely, cell-cell
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adhesion, activated cell polarity complexes and polarised protein trafficking. Adherens
junctions (AJs) and tight junctions (TJs) are the two modes of cell-cell adhesion and USP9X
has been implicated in establishment of both these junctions. USP9X co-localises with AJ
proteins such as β-catenin, p120 catenin, E-cadherens and ZO-1 in the polarised human
intestinal cell line T84 (Murray et al., 2004; Murtaza et al., 2015). Furthermore, it is also found
to regulate the trafficking of the E-cadheren/β-catenin dimer in epithelial cells undergoing
polarisation (Murray et al., 2004). In MDCK epithelial cells, depletion of USP9X disrupts de
novo TJ assembly (Theard et al., 2010). This effect is mediated through EFA6, a guanine
nucleotide exchange factor, which is deubiquitylated by USP9X. Deubiquitylation of EFA6
results in localised stabilization of EFA6, a guanine nucleotide exchange factor, thereby
promoting the assembly of TJs. USP9X also co-localises and binds to AF-6, a critical regulator
of intercellular junctions (Kanai-Azuma et al., 2000) and its depletion in pre- implantation
embryos results in failure of blastomere compaction due to mislocalisation of AF6 to apical
surfaces (Pantaleon et al., 2001). Following adhesion, cell polarity complexes are activated that
co-ordinate establishment and maintenance of apical-basal polarity. Highly conserved Par
family of kinases are found to be crucial components of these polarity complexes. USP9X
deubiquitylates Par-1 homologues, NUAK1 and MARK4, allowing their subsequent
phosphorylation and activation, indicating the role of USP9X in regulating Par proteins during
the establishment and maintenance of polarity (Al-Hakim et al., 2008) (Assémat et al., 2008).
USP9X also regulates both cell survival and death. In mammalian cells, USP9X stabilizes
Apoptosis signal-regulating kinase 1 (ASK1), a kinase activated during oxidative stress, which
mediates cell death through activation of JNK and p38 pathways (Nagai et al., 2009). In USP9X
deficient cells, a reduction in oxidative stress induced JNK activation and a reduction
subsequent cell death was noted (Huntwork-Rodriguez et al., 2013).
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Additionally, USP9X stabilizes DLK kinase; another kinase activated at the sites of stress in
neurons enabling activation of pro-apoptotic JNK signalling.
In contrast, USP9X stabilizes and promotes the activities of anti-apoptotic molecules such as
Myeloid cell leukaemia sequence 1 (MCL1) and Survivin (Altieri, 2003; Arbour et al., 2008).
USP9X deubiquitylates the Lys-48-linked polyubiquitin chains from MCL1, a member of antiapoptotic BCL2 family, and saves it from proteasomal degradation (Schwickart, M. et al.,
2010). Overexpression of USP9X has been linked to the poor prognosis in patients with
multiple myeloma (MM) (Schwickart, M. et al., 2010). Stabilization of MCL1 by USP9X has
been identified as the underlying mechanism and high levels of MCL1 contribute to
chemoresistance and disease relapse in patients. In radioresistant Jurkat cells (lymphoma cells),
USP9X was found to be activated upon irradiation which in turn interferes with MCL1
degradation thus resisting radiation induced cell death (Trivigno et al., 2012). Therefore,
inhibitors of USP9X activity have been considered as potential “targeted therapy” for patients
with B-cell malignancies. A partially selective DUB inhibitor WP1130 (Kapuria et al., 2010)
was found to promote MCL-1 degradation in several lymphoma and myeloma cell lines and
reduced their survival (Peterson et al., 2015). However, USP9X depletion alone had minimal
effect on the cell viability due to the compensatory role of USP24, a DUB with high degree of
biochemical and sequence similarity to USP9X. Thus drugs that target both these DUBs are
essential for effective treatment. A novel compound, G9, with improved drug like properties
compared with WP1130, and inhibiting both USP9X and USP24, has shown promising results
by increasing cell apoptosis and by blocking/regressing myeloma tumours in mice (Peterson et
al., 2015). Similarly, USP9X inhibition sensitized lung cancer and colon cancer cells via
degradation of MCL-1 and upregulation of apoptosis (Harris et al., 2012; Peddaboina et al.,
2012).
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1.4.2 Signalling pathways regulated by USP9X
USP9X plays a regulatory role in EGFR, TGFβ, Wnt and Notch pathways, which are critical
for SCC development. USP9X antagonizes the internalization of the EGFR to lysosomes by
the stabilization of E3 ligase Itch, which is responsible for proteasomal degradation of
endocytic accessory protein endophilin and E3 ligase Cbl (Angers et al., 2004; Azakir and
Angers, 2009). Thus, USP9X positively regulates EGFR signalling. It is also found to interact
with components of downstream effectors of EGFR pathway such as mTOR. USP9X interacts
with both Rictor and Raptor, components of mTOR complexes 1 and 2 respectively, and is
found to negatively regulate mTOR activity and enhance skeletal muscle differentiation in
C2C12 myoblasts (Agrawal, P. et al., 2012).
The central regulator of TGFβ pathway, SMAD4, is also regulated by USP9X (Dupont, S. et
al., 2009). Monoubiquitylation of SMAD4 at lysine 519, hampers its ability to form a stable
complex with the activated SMAD2/3 resulting in pathway inhibition. USP9X deubiquitylates
monoubiquitylated SMAD4 and thus, allows stable complex formation and activation of
pathway. Interestingly, USP9X also has the potential to negatively regulate the TGFβ pathway
by stabilizing the E3 ubiquitin ligase SMURF1, which ubiquitylates and degrades pathway
activating R SMADs (Xie, Y. et al., 2013). Additionally, SMURF1 ubiquitylates SMAD7, a
negative regulator of this pathway, and causes its localization from nucleus to cytoplasm
enhancing SMAD7 inhibitory activity. It is also noteworthy that SMURF1 expression is
elevated and required for cellular motility in MDA-MB-231, breast cancer cells and USP9X
depletion in these cells lead to a down-regulation of SMURF1 and significantly impaired
cellular migration (Xie, Y. et al., 2013).
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In the Wnt signalling pathway USP9X stabilizes β catenin, which is the second messenger in
the canonical pathway (Taya et al., 1999). USP9X expression has been correlated with poor
prognosis in cancers such as esophageal squamous cell carcinoma and non-small cell lung
cancer where aberrant activation of the β-catenin pathway is commonly reported (Peng, J. et
al., 2013; Stewart, 2014; Deng et al., 2015; Wang, Y. et al., 2015). However the exact interplay
between USP9X and β catenin is still under investigation.
USP9X regulates the stability of E3 ubiquitin ligases implicated in Notch pathway. Its
deubiquitylation of Itch, enables subsequent ubiquitylation and degradation of Notch receptors,
preventing pathway activation. USP9X also interacts with and stabilizes the E3 ligase
mindbomb, which plays an important role in receptor internalization required for pathway
activation (Itoh et al., 2003). Thus, USP9X deubiquitylation can either enhance or inhibit Notch
activity.
Considering the implication of USP9X in various epithelial cancers, its ability to regulate
critical functions and molecular mechanisms driving SCCs, this study was formulated to
investigate the role of USP9X in the context of HNSCC and cutaneous SCCs.
Following sections will provide a brief overview of these two forms of SCCs.

1.5 Epidemiology of head and neck and skin cancers
Head and neck cancer is the sixth most common cancer in the world and arises in lip, nasal
cavity, paranasal sinuses, pharynx and larynx (Parkin et al., 1984). Most of head and neck
cancers are biologically similar and around 90% of them are squamous cell carcinomas and as
a result they are commonly referred to as HNSCC. The annual incidence of HNSCC
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worldwide is more than 550,000 cases with 300,000 fatalities each year (Jemal et al., 2011). In
Australia, a total of 3,896 cases of HNSCC were diagnosed in 2009 accounting for 3.4% of all
cancers diagnosed (AIHW, 2009). Of the new patients diagnosed, 73.8% were males. Cancers
in the oral cavity predominated and in 2009, 52.3% of the cases were oral carcinomas (AIHW,
2009).
On the other hand, 80% of the all newly diagnosed cancers in Australia are skin cancers
(AIHW, 2008). It is estimated that two in three Australians will be diagnosed with skin cancer
by the time they are 70 years of age. Non melanoma skin cancers (NMSC) are the most
common and approximately 430,000 new diagnoses were made in 2008. NMSC includes basal
cell carcinoma (BCC) which accounts for about 70% of the above cases and SCC (AIHW,
2008). BCC and SCC develop from keratinocytes which are epithelial, ectodermally-derived
cells undergoing differentiation, eventually giving rise to flattened, anucleated cells that are
shed from the skin surface. The majority of cells found in the epidermis, the outermost layer of
the human skin, are keratinocytes. Even though the fatality rate of NHSC is low accounting for
just over 1% of cancer deaths in Australia (AIHW, 2007), it is a major public health problem.
NMSC imposed the highest health-system expenditure of any cancer in Australia during 200001, at an estimated $264 million (AIHW, 2005). In contrast, melanoma is the least common
type of skin cancer but the most life threatening. In 2009, there were 11,545 new cases of
melanoma diagnosed in Australia and in 2010, total deaths from melanoma were 1,452 (AIHW,
2012).
Environmental and lifestyle choices such as cigarette smoking, excessive alcohol usage and
chewing betel-quid are major risk factors contributing to the development of HNSCC.
According to the World Health Organization (WHO) chewing betel quid is the leading cause
of oral cancers (AIHW, 2009). Around 390,000 oral and oropharyngeal cancers occur
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annually worldwide and of these 58% occur in south and south-east Asia where betel quid
chewing is highly prevalent (Adhikari and De, 2013). A study of the same cohort in 2002
(Gupta and Warnakulasuriya, 2002) found that approximately 200-400 million people are
addicted to betel (areca), highlighting the extent of the population at risk. In addition, infection
by several strains of human papilloma viruses (HPV) has been identified as the main causative
factor for the increase in oropharyngeal cancers during the past 20 years, particularly, in
developed countries (Chaturvedi et al., 2013). Interestingly the prognosis of these virally
infected patients, specifically HPV16, is better than those associated with tobacco or alcohol
(Fakhry et al., 2008; Chung and Gillison, 2009).
Unlike in other SCCs, chronic long-term UV solar radiation is the primary cause of NMSC
(Armstrong and Kricker, 2001). The skin type of a person is also critical in its development.
Fair skinned individuals, who always burn and never tan are at a much higher risk than those
with darker skin (Yan, W. et al., 2011). Furthermore, HPV infections may be involved in skin
carcinogenesis as a co-factor with UV-radiation (Akgül et al., 2006).
1.5.1 Ultraviolet radiation in skin cancer
Ultraviolet radiation (UVR) plays a significant role in skin tumourigenesis. It has both
mutagenic and tumour promoting abilities and can therefore cause initiation as well as
promotion of the clonal expansion of initiated cells. It can induce DNA damage in a variety of
organisms ranging from bacteria to humans (Sinha and Hader, 2002). UVR is divided into three
subtypes, UV-A:315-400nm; UV-B:280-315nm; UV-C:<280nm. UV-A has poor DNA
damage-inducing efficiency because it is not absorbed by the native DNA. However, it can
generate singlet oxygen, damaging DNA via indirect photosensitizing reactions (Alscher et al.,
1997). Oxygen and ozone in the Earth’s atmosphere absorb most of the UV-C radiation and it
does not exert significant harm on the biota. UV-B is the most harmful among the
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three and induces two of the most abundant mutagenic and cytotoxic lesions such as
cyclobutane-pyrimidine dimers, 6-4 photoproducts and their Dewar valence isomers (Sinha and
Hader, 2002). Cyclobutane-pyrimidine dimers correspond to the formation of a four member
ring structure involving C5 and C6 of both neighbouring bases whereas 6-4 photoproducts are
formed by a noncyclic bond between C6 of the 5’ end and the C4 of the 3’end of the involved
pyrimidines through a spontaneous rearrangement of the oxetane or azetidine intermediates.
Dewar valence isomers are formed when 6-4 photoproducts are further exposed to UV-B or
UV-A radiations (Taylor et al., 1990).
Several lines of defence exist within every organism against UV induced damage including
UV absorbing pigmentation, enzymes such as catalases (CAT), superoxide dismutase (SOD),
peroxidise (POD), scavengers such as vitamin C, B and E, cysteine and glutathiones (Xie, Z.
M. et al., 2009). In a situation where these initial lines of defence fail to protect the superficial
tissues from the harmful UV radiation, more specific and highly conserved second lines of
defence mechanisms such as photoreactivation, nucleotide excision repair, mismatch repair,
double strand break repair, SOS response, check point activation and programmed cell death
or apoptosis step in. The most frequent solar DNA damage appears to be pyrimidine dimers,
which may lead to C to T transition which is known as the UV signature mutation (Black et al.,
1997). TP53 tumor suppressor gene is mutated in more than 90% of SCCs (Brash et al., 1991;
Ziegler et al., 1994) and studies have shown that about 80% of above the mutations are the
UV-specific C to T or CC to TT transitions (Wikonkal and Brash, 1999). Similarly, studies of
the mutational landscape in aggressive cutaneous SCC by Pickering et al, 2014 found very
high mutational background caused by UV exposures (Pickering et al., 2014). PTCH is another
tumor suppressor gene commonly mutated in BCC and SCC and found to bear a high degree
of UV-specific mutations (Ping et al., 2001; Zhang, H. et al., 2001; Heitzer et al., 2007).
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Nucleotide excision repair (NER) plays an essential role in enzymatic repair of these dimers.
It is the lack of this repair mechanism that place patients with Xeroderma pigmentosum (XP)
at a dramatically higher risk of all three types of skin cancers (Kraemer, K. H. et al., 1987).
1.5.2 Nuclear Excision Repair and checkpoint activation
In eukaryotic cells, the NER pathway is subdivided into two pathways: Global genome repair
(GGR) and transcription coupled repair (TCR) (Figure 1.6). GGR pathway repairs DNA lesions
located anywhere in the genome and the TCR pathway repairs DNA in the transcribed strand
of active genes (Hanawalt, 2002). The two pathways differ in the initial stages of recognition
but share a common set of repair factors in later stages. XPC-HR23B centrin-2 complex and/or
the DNA damage binding protein 1 and 2 (DDB1, DDB1) heterodimer complexes play an
important role in initiation of GGR. TCR is initiated by the abrogation of RNA polymerase II
during transcription (Fousteri et al., 2006) and by recruitment of both ATP-dependent
chromatin remodelling protein Cockayne Syndrome protein B (CSB) and the WD40 domain
containing protein Cockayne Syndrome proteinA (CSA) to the damage site (Henning et al.,
1995).
Subsequent steps are performed by a common set of NER factors. Following lesion
identification, Xeroderma pigmentosum group B and D helicases (XPB and XPD), subunits of
transcription factor IIH (TFIIH) complex, unwind DNA duplex at the sites of damage
(Schaeffer et al., 1993; Evans et al., 1997). XPA is then recruited to stabilise the repair complex
and also to orient the dual incision of DNA lesion by two structure-specific endonucleases,
XPG and ERCC1-XPF. These endonucleases remove a section of single stranded DNA with a
gap of 25-30 nucleotides, which is then filled by DNA synthesis and ligation via DNA
polymerase δ/ε, replication factor C (RFC), PCNA, RPA and DNA ligase I (O'Donovan et al.,
1994; Matsunaga et al., 1995).
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Activation of cell cycle checkpoints during DNA damage depends on the members of
phophoinositol-3-kinase-like family, such as ataxia telangiectasia mutate (ATM) and ATM and
rad-3-related (ATR) kinases. ATR plays a key role during UV induced DNA damage response
(DDR). Generation of ssDNA at the sites of DNA damage or at the stalled replication forks
activates the ATR-mediated DNA damage checkpoint response (Lupardus et al., 2002). In all
eukaryotes, ssDNA is first detected by replication protein A (RPA), which is a ssDNA-binding
protein complex (Zou and Elledge, 2003; Chen, R. and Wold, 2014). ATR- interacting protein
(ATRIP), the ATR regulatory partner, binds directly to RPA coated ssDNA thus enabling the
ATR-ATRIP complex to localize to the sites of DNA damage (Zou and Elledge, 2003; Namiki
and Zou, 2006). In parallel, the Rad9-Rad1-Hus1 (9-1-1 complex) checkpoint clamp is loaded
on the DNA by Rad17-replication factor C clamp loader complex (Burrows and Elledge, 2008).
The 9-1-1 complex recruits DNA topisomerase II binding protein 1 (TopBP1) which causes
catalytic activation of ATR through direct binding of ATR- ATRIP with the activation domain
of TopBP1. Autophosphorylation of ATR on

S1989 further stabilizes ATR-TopBP1

interaction (Liu, S. et al., 2011). Activated ATR phosphorylates and activates checkpoint
kinase 1 (Chk1), an effector kinase of ATR in ATR- mediated DNA-damage checkpoint
pathway (Bartek and Lukas, 2003). ATR phosphorylates Chk1 at multiple sites which
stimulates its kinase activity and its release from chromatin (Smits et al., 2006). Cell division
control 25 (CDC25) phosphatases, CDC25A and CDC25C, are key regulators of the cell cycle
and are prime targets of activated Chk1 in cell cycle arrest. CDC25A functions throughout the
cell cycle and activates both Cdk2-cyclinE and Cdk1- cyclinB (Hoffmann, I. et al., 1993;
Hoffmann, I. et al., 1994). Chk1 phosphorylates CDC25A on N-terminal sites and targets it
rapidly for ubiquitin-dependent degradation, due to which entry to S phase, in particular, is
hindered (Chen, M.-S. et al., 2003; Xiao et al., 2003). Phosphorylation of CDC25C by Chk1
generates a binding site for 14-3-3 proteins and
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binding of 14-3-3 proteins inhibits CDC25C function and prevents activation of the CDK1cyclin B kinase and mitotic entry (Peng, C.-Y. et al., 1997). In addition Chk1 has also been
found to phosphorylate Cdc25 family members on a C-terminal site and inhibit their Cterminal interactions with Cdk-cyclin substrates (Uto et al., 2004).
One of the most well characterized markers of DNA double strand breaks (DSB) is the
phosphorylation of the H2AX (γH2AX) on serine 139 (Rogakou et al., 1998). Following
ionizing radiation, H2AX is rapidly phosphorylated by ataxia telangiectasia-mutated protein
(ATM) kinase and/or DNA-PK kinases at DNA DSB sites and reaches its peak around thirty
minutes post irradiation/DSB induction (MacPhail et al., 2003). Phosphorylation of H2AX is
not limited to DSBs as UV exposure has also been shown to induce phosphorylation of H2AX
(Ward and Chen, 2001; Hanasoge and Ljungman, 2007). γH2AX has been shown to be
essential for concentrating repair proteins and maintaining the integrity of the DNA damage
response foci (Stucki and Jackson, 2004). It can act as an anchor to hold the broken
chromosomal DNA ends in close proximity till the repair is complete, thus avoiding
chromosomal breaks and translocations (Bassing and Alt, 2004). Its role in cell cycle arrest was
first demonstrated when H2AX-null cells showed a defect in arresting at the G2-M boundary
after low-dose ionizing radiation (Fernandez-Capetillo et al., 2002). Similarly, when stalled
replication fork signals were induced through infection with an inactivated adeno-associated
virus (AAV), H2AX null cells failed to cell cycle arrest and showed increased cell death
(Fragkos et al., 2009). Phosphorylated H2AX is involved in the p53/p21 pathway leading to
cell cycle arrest and absence of H2AX phosphorylation resulted in proteasomal degradation of
p21, which diverts the cells from the p53/p21 pathway and drives them to death via defective
mitosis (Fragkos et al., 2009) . Its importance in cell cycle arrest during DNA damage response
is further confirmed with the reports that dephosphorylation of H2AX by phosphatases PP2A
and PP4C following DNA repair is required for checkpoint
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recovery (Keogh et al., 2006; Nakada et al., 2008). Wild-type-induced phosphatase 1 (Wip1)
is another phosphatase dephosphorylating H2AX after DNA repair, attenuating DNA damage
response (Cha et al., 2010; Macurek et al., 2010).

Figure 1.6 Nucleotide excision repair pathway in DNA damaged cells. When DNA is
damaged by UV radiation, the damage is recognized differently depending on whether the
DNA is transcriptionally active (transcription-coupled repair) or not (global excision repair).
After the initial recognition step, the damage is repaired in a similar manner with the final
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outcome being the restoration of the normal nucleotide sequence. A more detailed description
is provided in the text (Fuss and Cooper, 2006).

1.6 Ubiquitin system in UVR induced DNA damage
NER is extensively regulated by ubiquitylation, in either proteasome–dependent or independent manner. In GG-NER, the UV-DDB heterodimer (DDB1 and DDB2) is involved
in efficient lesion identification (Wakasugi et al., 2002). Besides damage detection, this
heterodimer together with Cullin-4A (CUL4A) and E2 binding subunit RBX-1/ROC1 mediates
polyubiquitylation of DNA damage sensors, DDB2 itself and XPC (Li et al., 2006; Higa and
Zhang, 2007). Polyubiquitylation of DDB2 results in its degradation, which is found to be
essential for the effective execution of downstream repair mechanism. However,
polyubiquitylation of XPC does not cause degradation but increases its affinity for DNA
damage lesions (Sugasawa et al., 2005). Nevertheless, whether the ubiquitin complex forms
different polyubiquitin chains on XPC, is still unclear. Since, most CRL4-type ubiquitin ligases
promote proteasomal degradation of their substrates, there is a high possibility that the complex
forms K48 –linked ubiquitin chains on XPC. If indeed, XPC is ubiquitylated by K48 ubiquitin
chains increasing its affinity to DNA lesions, there must be other factors that shield XPC from
proteolytic attack. One such potential factor is XPC complex partner, RAD23B, which is
known to protect XPC from proteasomal degradation in normal, non-UV-challenged cells (Ng
et al., 2003). Deubiquitylation is also found to play a role in shielding XPC from degradation.
Recently, USP7 was found to interact with and deubiquitylate XPC, preventing its proteolysis
and allowing recycling of XPC in the repair process (He et al., 2014). Disruption of USP7
resulted in degradation and earlier dispersal of XPC from DNA damage site, modestly effecting
6-4 PP repair but severely impacting CPD repair (He et al., 2014).
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Recently, another E3 ligase, RNF111 was identified as regulating XPC (Van Cuijk et al., 2015).
In contrast to ubiquitylation by the DDB-CUL4A-RBX-1/ROC1 complex, RNF111
ubiquitylation of XPC results in its release from the DNA. RNF111 cooperates with UBC13 to
generate K63 linked ubiquitin chains on XPC, releasing it from the pre-incision complex and
providing better access to XPG or enhancing binding of XPG to the NER preincision complex
(Zotter et al., 2006). In the absence of RNF111, damage-bound XPC is not ubiquitylated and
remains bound to the pre-incision complex, interfering with XPG loading. Since, XPG also
contains an ubiquitin-binding UBM domain, which interacts with monoubiquitin and K63linked, XPG could be interacting with K63-ubiquitin linked XPC forcing its extraction
(Burschowsky et al., 2011).
Similar to GG-NER, CSA forms an E3 ubiquitin complex with DDB1-CUL4-ROC1 and
polyubiquitylates CSB, targeting it for proteasomal degradation (Groisman et al., 2003). CSB
degradation is found to occur at late stages of NER when the transcription recovers (Groisman
et al., 2006). Another heterodimer complex, BRCA1-BARD E3-ligase complex is also
implicated in TC-NER (Wei et al., 2011). Knockdown of BRCA1 resulted in reduced
ubiquitylation and degradation of CSB, inhibiting subsequent repair. Stalled RNA polymerase
II is also subjected to ubiquitylation and the E3 ligase Rsp5, is involved in this modification
and targets RNA polymerase II to degradation, paving the way for NER complex assembly
(Huibregtse et al., 1997; Beaudenon et al., 1999).
Monoubiquitylated PCNA is essential to recruit pol-k, which mediates half the repair synthesis
of NER (Ogi et al., 2010). PCNA is monoubiquitylated by RAD18 and following UV damage,
RAD18 accumulates rapidly at the DNA damage sites, independent of NER mediated dual
excision, implicating that ubiquitylation and repositioning of PCNA to the site of the lesion
may occur way before the completion of preincision complex assembly (Hoege
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et al., 2002; Nakajima et al., 2006). Ubiquitylation of PCNA is opposed by the DUB, USP1
(Huang et al., 2006). Following UV irradiation, USP1 undergoes ubiquitylation leading to
rapid degradation, allowing monoubiquitylation of PCNA and subsequent damage repair
(Huang et al., 2006).
Even though USP9X has not been implicated in UV induced DNA damage repair, it has been
found to regulate the sensitivity of tumour cells to other DNA damaging agents. In multiple
myeloma cell lines, exposure to ionizing radiation upregulates USP9X expression, which then
stabilizes MCL-1, an anti-apoptotic member of Bcl-2 family, impeding cell death (Trivigno et
al., 2012). USP9X also resists alkylation damage sensitivity by stabilizing ALKBH3, a member
of AlkB family of demethylases (Zhao, Yu et al., 2015). USP9X forms a complex with two
other deubiquitylases, UTUD4 and USP7 where OTUD4 acts as a scaffold and promotes the
association of ALKBH3 with USP7 and USP9X. Depletion of any of the three causes increased
sensitivity to alkylating agents.
Given the critical role of UV induced DNA damage in cutaneous SCC development and the
recurrent reports of relevance of USP9X in DNA damage, the potential role of USP9X in UV
induced DNA damage and repair within skin keratinocytes was investigated.

1.7 Aims of the study
This study tests the hypothesis, “deubiquitylating enzyme, USP9X, acts as a tumour suppressor
in squamous cell carcinoma by regulating and integrating critical extrinsic signalling
pathways”
Aim 1: Determination of functional role of USP9X in head and neck cancer
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USP9X’s role and the underlying molecular mechanisms in head and neck cancer were
investigated using cultured head and neck squamous cell carcinoma (HNSCC) cell lines as
follows,
Tongue and pharyngeal tumour derived HNSCC cell lines, SCC15, CAL27, FaDu and
Detroit were selected for the study.
o USP9X was transiently depleted in these cells via USP9X specific siRNA
transfection.
o USP9X was upregulated by transfection of these cells with mammalian
expression vector, pDEST51, containing full length mouse Usp9x cDNA
(Murray et al., 2004) and stable cell populations were established.
Proliferation, cell cycle distribution and viability of these HNSCC cells with altered
USP9X expression were determined.
Altered molecular mechanisms were monitored using RTqPCR and immunoblotting
assays.
Aim 2: Investigating the functional role of USP9X in skin cancer
The following hypothesis was tested, “The loss of USP9X in keratinocytes with activated
KRAS affects multiple aspects of cell behaviour resulting in cancer”, in a cultured human skin
keratinocyte cell line, HaCaT.
Investigation was carried out as below,
An in-vitro model mimicking the in-vivo model used in the study by Perez-Mancera
(Perez-Mancera et al., 2012) was established as follows,
o Mutated Ras, KrasG12D and HrasG12V were ectopically expressed within
HaCaT cells.
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o Knockdown of USP9X in the mutated Ras expressing HaCaT cells was
attempted two ways: first by introducing doxycycline inducible lentiviral
shRNA into the HaCaT cells. This is a stable knockdown system. Second,
HaCaT cells were treated with commercially available siRNA. This is a
transient knockdown system.
Various cell aspects such as proliferation, morphology, motility and viability were
determined.
Aim 3: Determination of sensitivity to UVB induced DNA damage in absence of USP9X
UVB irradiation is an important contributing factor in skin tumourigenesis and USP9X has
been previously shown to play a role during cellular DNA damage.
We investigated if USP9X influences UVB induced DNA damage response in skin.
Immortalised human skin keratinocyte cell line, HaCaT, was used for the study
o USP9X protein levels were depleted with USP9X specific siRNA transfection.
This is a transient knockdown system.
Treated cells were exposed to low and high doses of UVB irradiation and their
viability, cell cycle were analysed with available laboratory techniques.
Various proteins

involved in DNA damage repair

were

determined

by

immunoblotting techniques.
An inducible, conditional Usp9x knockout mouse model was also established (done
by the collaborators)
o Animals were exposed to UVB radiation and 24 h later, the expression of
various proteins significant for DNA damage response were analysed
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Chapter 2
General Methods

2.1 Ethical clearance
Use and storage of the plasmids were in accordance with the regulations set out by the Office
of Gene Technology Regulator, Australia and covered under the general laboratory ethical
approval (ED/145/12; NLRD/005/13).

2.2 SDS PAGE and Immunoblotting assay
2.2.1 Protein extraction from cells
Cells were washed once, with 1X HBSS (Thermo Fisher Scientific, Massachusetts, USA) and
100-250μl of RIPA lysis buffer (150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% sodium dodecyl sulphate, 50 mM Tris, pH 8.0) was added to each flask/plate. Cells were
removed with cell scrapers and collected in 1.5ml microfuge (Eppendorf) tubes. DNA was
sheared by repeatedly passing through a 27 gauge needle before being pelleted by centrifuging
at 20,000 g for 10 min. Supernatant containing the proteins was collected and the protein
concentrations were determined using a Pierce BSA kit as per the manufacturer’s instructions
(Thermo Fisher Scientific, Massachusetts, USA).
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2.2.2 SDS PAGE
Protein samples were prepared by mixing 40-20ug of protein with an equal volume of 2X
loading dye [4% SDS, 20% glycerol, 100mM Tris (pH 6.8), 1/250 bromophenol blue and 1/10
1M 1,4- Dithiothreitol (DTT)]. Samples were then heated at 95 °C for 5 min and were loaded
onto freshly prepared 6-12% of SDS gels. Proteins were run, along with a protein ladder
(Thermo Fisher Scientific, Massachusetts, USA), in 1X SDS running buffer (1/10 dilution of
10 X SDS running buffer: 144g Glycine, 30.5g Tris, 1% SDS in 1 L of water) at an appropriate
voltage at room temperature.
2.2.3 Transfer of proteins on to a membrane
Completely resolved gels were placed in transfer cassettes (Bio-Rad, California, USA) along
with a polyvinylidene difluoride (PVDF) membrane and transferred in 1X/2X Transfer buffer
(1X: 14.4g glycine, 3.05g Tris, 200 ml methanol, make up to 1 L with water; 2X: 28.8g Glycine,
6.1g Tris, 200 ml methanol and make up to 1 L with water) at an appropriate voltage at 4 ˚C
for 3 h or over-night.
2.2.4 Immunoblotting
The membranes were then blocked with for 1 h in blocking buffer (5% skim milk in 1X TBS
with 0.05% Tween 20 (TBST). 10X TBS: 24.23g Tris, 80.06g NaCl in 1 L water, pH 7.4-7.6)
and incubated with respective primary antibodies at 4˚C overnight. The membranes were
washed three times in 1XTBST for 5 min each and then incubated with appropriate HRPconjugated secondary antibodies for 1 h at room temperature. Wash steps were repeated as
above and ECL chemiluminescent substrate (Millipore, Massachusetts, USA) was added to
each membrane and immunoreactive bands were visualised using the VersaDoc Gel Imaging
System (Bio-RAD, Berkeley, CA, USA).
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Chapter 3
Deubiquitylating enzyme, USP9X, regulates the proliferation of head and
neck cancer cell lines

3.1 Introduction
Head and neck cancer is the sixth most common cancer in world and arises in lip, nasal cavity,
paranasal sinuses, pharynx and larynx. The five year survival rate after diagnosis is relatively
poor, mainly due to the asymptomatic nature of the early lesions and resistance to currently
available chemotherapies (Pulte and Brenner, 2010). Therefore, it is crucial to further the
understanding of the molecular pathogenesis of this cancer to identify potential biomarkers and
novel drug targets.
Both genetic and epigenetic mechanisms contribute toward the activation or inactivation of key
signalling pathways and acquisition of the cancer phenotype (Hanahan and Weinberg, 2011).
The p53, EGFR and Notch pathways are a few of the critically altered pathways in head and
neck squamous cell carcinoma (HNSCC) (Klein and Grandis, 2010; Rothenberg and Ellisen,
2012). More than 50% of HNSCC malignancies harbour inactivating mutations in p53
(Brachman et al., 1992) and in the tumours which retain wild type p53, other mechanisms often
inactivate its function (Klein and Grandis, 2010). EGFR overexpression is common in all head
and neck cancers (Saranath et al., 1992) and it activates a network of downstream signalling
pathways, such as phosphoinositide 3-kinase (PI3K)/Akt and Ras/Raf/ERK1/2, promoting
tumour proliferation, invasion, metastasis and apoptosis resistance (Klein and Grandis,
2010). Enhanced Notch activity has also been repeatedly
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associated with proliferation and invasion in head and neck cancers (Ishida et al., 2013;
Yoshida et al., 2013; Sun et al., 2014)
USP9X is a deubiquitylating enzyme, which regulates the components of multiple signalling
pathways including those implicated in HNSCC development and progression (Mouchantaf et
al., 2006; Agrawal, P. et al., 2012; Xie, Y. et al., 2013; Murtaza et al., 2015). A functional role
for USP9X has been demonstrated in both development and disease and it has been implicated
in several carcinomas and sarcoma (Schwickart, Martin et al., 2010; Harris et al., 2012; PerezMancera et al., 2012; Murtaza et al., 2015; Wang, Y. et al., 2015). In pancreatic cancer, loss of
USP9X accelerated the generation of pancreatic ductal adenocarcinomas, suggesting it acts as
a tumour suppressor, whereas in multiple myeloma USP9X overexpression correlates with poor
prognosis implicating an oncogenic role. The recent characterisation of somatic mutation
landscape of oral squamous cell carcinoma (gingivo- buccal) found USP9X mutations in a
significant number of patients (India Project Team of the International Cancer Genome, 2013).
Most of the mutations were truncations, which are predicted to result in loss of function
suggesting a tumour suppressive role for USP9X. The current study aimed to further investigate
USP9X’s role in cancer and the underlying molecular mechanism using cultured HNSCC cell
lines.

3.2 Methods
3.2.1 Cell culture
HNSCC cell lines, SCC15, CAL27 (from tumours in tongue) and FaDu, Detroit 562 (from
tumours in pharynx), and immortalised human keratinocyte cell line, HaCaT, were obtained
from Prof. Nicholas Saunders and Dr. Andrew Dilley at the University of Queensland. Cells
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were cultured in Dulbecco's Modified Eagle Medium (DMEM-F12, Life Technologies) with
10% foetal bovine serum (Bovogen, Australia) at 5% CO2/37 ˚C.
3.2.2 Plasmid Transfection
A pDEST 51 plasmid inserted with full length mouse USP9X cDNA (Murray et al., 2004) was
linearized with the endonuclease, FspI, and transfected into cells using Lipofectamine 2000
(Thermo Fisher Scientific, Massachusetts, USA) according to the manufacturer’s protocol. 72h
after transfection, cells were treated with media containing 4μg/ml of blasticidine for 12 days
to select for stably transfected pools.
3.2.3 siRNA Transfection
siRNA specific for human USP9X (SMARTpool siRNA) and non-target (NT) siRNA’s were
purchased from Dharmacon (Colorado, USA).Transfections were carried out with
DharmaFECT (Dharmacon, Colorado, USA) as per the manufacturer’s protocol. siRNA were
used at a final concentration of 25 nM and treatment was carried out for 24-72 h. The nucleotide
sequences of the siRNAs used are as follows,
SMARTpool USP9X siRNA:
5' AGAAAUCGCUGGUAUAAAU 3'
5' ACACGAUGCUUUAGAAUUU 3'
5' GUACGACGAUGUAUUCUCA 3'
5' GAAAUAACUUCCUACCGAA 3'
Non-target siRNA:
5' UGGUUUACAUGUCGACUAA 3'
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3.2.4 CyQUANT Assay
CyQUANT NF cell proliferation assay kit (Thermofisher Scientific, Massachusetts, USA)
measures the cellular DNA content via fluorescent dye binding and correlates with cell
numbers. siRNA treated cells were serum starved for 24h and 2000 cells were seeded in to 96
well black plates with complete media. Following seeding, CyQUANT readings were taken at
desired time points as per the manufacturer’s protocol.
3.2.5 Immunoblot analysis
Refer to Chapter 2, section 2.2, for a detail description of the procedure. The membranes were
then incubated with anti-cleaved PARP1 (Cell Signalling Technology, Massachusetts, USA),
anti-USP9X (Bethyl Laboratories, Montgomery, USA), anti-V5 tag (Abcam, Cambridge, UK),
anti-S6 (Cell Signalling Technology, Massachusetts, USA), anti-pS6 (Cell Signalling
Technology, Massachusetts, USA), anti-β-tubulin (Abcam, Cambridge, UK) and anti-GAPDH
(Cell Signalling Technology, Massachusetts, USA) antibodies at 4 ˚C overnight. Washed
membranes were incubated with respective HRP-conjugated secondary antibodies for 1 h at
room temperature. Immunoreactive bands were quantified using the VersaDoc Gel Imaging
System (Bio-RAD, Berkeley, CA, USA). Values were normalised to the housekeeping genes,
β tubulin/GAPDH as indicated.
3.2.6 mRNA expression assay
Extraction of total RNA from cells was carried out using QIAGEN RNeasy columns (Qiagen,
Hilden, Germany). For cDNA conversion, 1 μg of total RNA was reverse transcribed to cDNA
using “High Capacity cDNA Reverse Transcription kit” as per the manufacturer’s protocol
(Applied Biosystems, California, USA). Further real-time PCR was performed with the
fluorescent SYBR green dye (Bioline, Massachusetts, USA) in the Rotor-Gene 6000
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system (Corbett Life Science). The sequences of the primers used are shown in the Table 1.
Data were analysed using REST 2009 software (QIAGEN). The relative expression ratios were
calculated using GAPDH as the endogenous control.
3.2.7 Cell cycle analysis
siRNA cells were serum starved for 24h and then replenished with complete media (with
serum). After 24 h, cells were harvested, washed twice with phosphate buffered saline and
fixed with ice cold 70% ethanol with gentle vortexing. The fixed cells were washed in cold 1X
PBS, and then suspended in 300-500μl of PI/TritonX-100 staining solution (0.1% Triton X100, 0.2mg/ml RNAase A and 20μg/ml propidium iodide). After an incubation of 15 min in
37 ˚C, cells were run through the flow cytometer (CyAN ADP, Beckman Coulter, California,
USA). Cell cycle analysis was gated using Kaluza (Beckman Coulter). The healthy population
for each cell line was captured via a forward scatter versus side scatter dot plot. Doublets were
also gated out to make sure that the result captured were of a single cell population. Cell cycle
phase were determined by a PI intensity via a linear histogram. The data generated were
analysed using Microsoft Excel (2007).
3.2.8 Inhibition of Notch signalling
To inhibit Notch signalling, cells were treated with 20 μM of γ secretase inhibitor, 24- diamino5-phenylthiazole (DAPT; Sigma-Aldrich, Missouri, USA) as previously described (Jiang et al.,
2014). Experimental controls were treated with 0.05% DMSO.

44

Table 3.1 PCR primer sequences
Target gene
HES1

cyclinD1

c-MYC

GAPDH

Primer eequence
Forward

5'-AGGCGGACATTCTGGAAATG-3'

Reverse

5'-CGGTACTTCCCCAGCACACTT-3'

Forward

5'-ACCTGGATGCTGGAGGTCT-3'

Reverse

5'-GCTCCATTTGCAGCAGCTC-3'

Forward

5'-GCTGCTTAGACGCTGGATTT-3'

Reverse

5'-CACCGAGTCGTAGTCGAGGT-3'

Forward

5'-CGATGCTGGCGCTGAGTACG-3'

Reverse
5'-AGAGGGGGCAGAGATGATGACC-3'

3.3 Results
3.3.1 Cell proliferation of head and neck cancer cells decreased upon depletion of USP9X
To study the effect of decreasing USP9X levels on HNSCC it was first necessary to develop
and verify a system of depleting USP9X protein in these cell lines. To this end, HNSCC cells
were treated with a final concentration of 25 nM USP9X specific siRNAs. As a control, nontarget siRNAs were used. siRNA treatment was carried out for 72 h after which, cell lysates
were collected and levels of USP9X protein were probed by immunoblot analysis. All four
HNSCC cell lines showed more than 90% knockdown of USP9X levels compared to nontarget siRNA treated control cells (Figure 3.1).
To ascertain the effect of USP9X depletion on HNSCC proliferation, siRNA treated cells were
first synchronised in G0 phase of the cell cycle by serum starvation for 24h. Serum starvation
did not induce complete cell cycle block in these cells (data not shown). After
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starvation, they were plated in to 96 well plates and cell numbers were assessed by CyQUANT
analysis. All readings were normalised to the value at 24 h. In general, the depletion of USP9X
protein correlated with a decrease in cell number in all four cell lines (Figure 3.2). However,
the extent and timing of the effect of USP9X depletion varied for each cell line. In SCC15 and
FaDu an early and significant decrease was observed whereas in Detroit 562 cells a significant
decrease was only observed late in the experiment. Conversely, knockdown of USP9X in
CAL27 cells had a minimal impact on cell numbers. This was possibly due to the faster
recovery of USP9X protein levels following siRNA treatment in this line (Figure 3.3).

Figure 3.1 USP9X-specific siRNAs effectively depleted USP9X protein levels in HNSCC cells.
A:HNSCC cells were treated with non-target (NT) or USP9X specific siRNAs for 72 h,
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after which cells were collected and proteins were extracted. Immunoblot analysis was
conducted to determine the level of USP9X protein expression and β tubulin was used as the
loading control. B: Densitometric quantification was done by normalising the band intensity
of USP9X with band intensities of respective β tubulin.

Figure 3.2 USP9X depletion reduced cell numbers in HNSCC lines. HNSCC cells were treated
with non-target (NT) or USP9X specific siRNAs for 72h, serum starved for 24h and plated in
to 96 well plates. Following seeding, CyQUANT analysis was done measure the number of
cells at each time point indicated on the graph. Fluorescence readings correlate to cell
numbers. All reading were normalised to the reading at 24h. Error bars are the mean±
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S.D. n=3, p value:* <0.05 (Student’s t-test). The data here represent one of the three biological
replicates.

Figure 3.3 Recovery of USP9X protein levels in HNSCC lines following withdrawal of siRNA.
Cells were treated with non-target (NT) or USP9X siRNAs for 72 h. Cells were harvested 48,
96 and 144 h after the siRNA treatment and proteins were extracted from them. Immunoblot
analysis revealed the gradual increase of USP9X protein levels over the time course of
CyQUANT experiment (Figure 3.2). β tubulin was used as the loading control.

3.3.2 Decrease in cell numbers upon USP9X was not due to increase in apoptosis
In order to investigate to what extent changes in apoptosis contributed to the decreased cell
numbers, immunoblot analysis was performed for an apoptotic marker, cleaved PARP1. The
levels of cleaved PARP1 did not vary in absence of USP9X (Figure 3.4), suggesting USP9X
regulates cell proliferation of these head and neck cancer cell lines.
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Indeed it appeared that very little apoptosis was occurring in any cell, at any stage, with the
exception of later cultures of CAL27 cells. Interestingly, this did not appear to inhibit cell
number increases in CAL27 cultures compared with the other three cell lines (Figure 3.2)

3.3.3 Depletion of USP9X resulted in cell cycle alterations
Cell cycle analysis was then performed on propidium iodide stained cells to determine if it was
altered in USP9X knockdown cells. Serum starved HNSCC cells (for 24h) were replenished
with complete media and 24h later, cell cycle analyses were conducted. Depletion of USP9X
protein in SCC15, CAL27 and FaDu, in comparison to the controls, resulted in a lower
percentage of cells in G0/G1 phase and higher percentage in S and G2/M phase (Figure 3.5).
Depletion of USP9X in Detroit cells did not alter cell cycle proportions suggesting the late
decrease in numbers occurs through a different mechanism.

Figure 3.4 Loss of USP9X did not affect the apoptosis in HNSCC lines. HNSCC cells were
treated with non-target (NT) or USP9X siRNAs for 72 hours, serum starved for 24h and plated
into 6 well plates with complete media. Following seeding, cells were harvested at 48, 96 and
144 h and the USP9X protein expression was monitored by immunoblot analysis. Β tubulin was
used as the loading control.
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Figure 3.5 Absence of USP9X alters the cell cycle distribution of HNSCC lines. Cells treated
with non-target (NT) and USP9X siRNAs for 72 h were serum starved for 24h. Cells were then
replenished with complete media (with serum) and 24 h later, cell cycle distribution was
analysed by flow cytometry. A: A representative FACs plot, B: Cell cycle distribution of SCC15,
Cal27, FaDu and Detroit 562. Error bars are the mean± S.D. n=3, p value: *
<0.05 (Student’s t-test). Data here represent one of the two biological replicates.
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3.3.4 Cell proliferation of head and neck cancer cells was elevated upon ectopic expression
of USP9X
To further investigate the role of altered USP9X levels on HNSCC cell proliferation, we
measured the cell number in stably transfected pools where USP9X was ectopically expressed.
Cells were stably transfected with a mammalian expression vector containing full length mouse
Usp9x cDNA (Murray et al., 2004) and successfully transfected cells were selected by
blasticidine resistance. Expression of V5 epitope-tagged USP9X protein was observed in all
four cell lines (Figure 3.6). Despite what appeared to be only moderate expression of epitopetagged USP9X, this correlated with the increased cell numbers, determined by CyQUANT
analysis as above (Figure 3.7). Ectopic expression also altered the proportions of cells in
different stages of the cell cycle in all four cell lines, with SCC15, CAL27, FaDu now showing
an opposite distribution to when USP9X was knockdown, with more cells in G0/G1 and fewer
in S and G2/M (Figure 3.8).
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Figure 3.6 Identification of HNSCC cell lines expressing ectopic USP9X. Following selection
with blasticidin whole cell lysates were analysed by immunoblot for the V5-epitope tagged
USP9X and total USP9X. A:V5 immunoreactive bands were detected in all pools at the
expected molecular weight of 290 kDa (shown within the red box). No V5 reactivity was
detected in cells transfected with empty vector controls (pDEST51). Β tubulin was used as the
loading control.B:Total USP9X protein across the transfected cell lines. Β tubulin was used as
the loading control
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Figure 3.7 Increased cell numbers in HNSCC lines expressing ectopic USP9X. Cells
transfected with empty vector (pDEST51) or vector expressing USP9X (pDEST51 Usp9x) were
plated into 96 well plates and cell numbers were measured at different time points with
CyQUANT assay. Fluorescence readings correlate to cell numbers. All reading were
normalised to the reading at 24h. Error bars are the mean± S.D. n=3, p value:* <0.05
(Student’s t-test). The data here represent one of the two biological replicates.
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Figure 3.8 Ectopic USP9X expression altered the cell cycle of HNSCC cells. Cells transfected
with empty vector (pDEST51) or vector expressing USP9X (pDEST51 Usp9x) were serum
starved for 24h. Cells were then replenished with complete media (with serum) and 24 h later,
cell cycle distribution was analysed by flow cytometry. Error bars are the mean± S.D. n=3, p
value:* <0.05 (Student’s t-test). Data here represent one of the two biological replicates.

3.3.5 Notch activation correlated with the cell proliferation of head and neck cancer cells
USP9X interacts with components of the Notch and Wnt signalling pathways such as Itch and
β-catenin respectively (Taya et al., 1999; Mouchantaf et al., 2006). These pathways regulate
cell cycle progression and their activation is indicated by the transcription of downstream
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target genes such as cyclinD1, c-MYC (Wnt pathway) and HES-1 (Notch pathway). qPCR
analysis conducted on SCC15, CAL27, FaDu and Detroit 562 RNA showed that level of HES1
mRNA directly correlated with alterations in cell number (Figure 3.9). A significant trend was
not evident with the Wnt target genes, cyclinD1 or c-MYC (Figure. 3.10 and 3.11). In cells with
depleted levels of USP9X, HES1 mRNA expression was substantially reduced whereas, in cells
ectopically expressing USP9X, there was an increase in HES1 mRNA levels. Therefore the
level of HES1, a downstream target of Notch correlated with both USP9X levels and cell
proliferation.

3.3.6 Effect of USP9X on cell proliferation of FaDu cells was independent of Notch
signalling
HES1 expression directly correlated with USP9X levels. Thus, we attempted to determine if
USP9X regulated HNSCC cell proliferation through Notch signalling. Of the four cell lines,
FaDu showed the largest decrease in cell proliferation upon depletion of USP9X. Thus, we
treated this cell line with non-target or USP9X siRNAs and monitored cell proliferation via
CyQUANT analysis in presence/absence of 20 μM of γ-secretase inhibitor, DAPT, which
inhibits Notch signalling. DAPT treatment resulted in a significant decrease in cell proliferation
in non-target treated cells but not to an extent of USP9X siRNA treatment (Figure 3.12). Also,
DAPT treatment of USP9X siRNA treated cells resulted in further suppression of cell
proliferation which implied that effect of USP9X on cell proliferation is not through Notch
pathway.
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Figure 3.9 HES-1 mRNA levels showed a direct correlation with cell numbers. HNSCC cells
were treated with non-target / USP9X specific siRNAs for 72h or stably transfected with empty
vector (pDEST51)/vector expressing USP9X (pDEST51 Usp9x, were, serum synchronised for
24h and plated into 6 well plates with complete media. Cells were harvested at different time
points as indicated on the graphs and RNA was extracted, cDNA was synthesised and qPCR
analysis was done to measure the HES-1 expression levels. Relative
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expression ratio of HES-1 levels in USP9X siRNA treated cells is shown by box-and-whisker
plots. GAPDH was used as the endogenous control. Ratios over 1 indicate higher expression
of mRNA and ratios below 1 indicate lower expression of mRNA. n=3 p value:* <0.05. p values
were calculated by Randomization Test using REST 2009 software.
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Figure 3.10 qPCR analysis of cyclin-D1 mRNA levels. HNSCC cells treated with non-target or
USP9X specific siRNAs for 72h or stably transfected with empty vector (pDEST51)/vector
expressing USP9X (pDEST51 Usp9x) were serum synchronised for 24h and plated into 6 well
plates with complete media. Cells were harvested at different time points as indicated on the
graphs and RNA was extracted, cDNA was synthesised and qPCR analysis was done to
58

measure the cyclin-D1 expression levels. Relative expression ratio of cyclin-D1 levels in
USP9X siRNA treated cells is shown by box-and-whisker plots. GAPDH was used as the
endogenous control. Ratios over 1 indicate higher expression of mRNA and ratios below 1
indicate lower expression of mRNA. n=3, p value:*<0.05. p values were calculated by
Randomization Test using REST 2009 software.
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Figure 3.11 qPCR analysis of c-MYC levels in HNSCC cells. HNSCC cells treated with nontarget or USP9X specific siRNAs for 72h or stably transfected with empty vector
(pDEST51)/vector expressing USP9X (pDEST51 Usp9x) were serum synchronised for 24h and
plated into 6 well plates with complete media. Cells were harvested at different time points as
indicated on the graphs and RNA was extracted, cDNA was synthesised and qPCR analysis
was done to measure the c-MYC expression levels. Relative expression ratio of c60

MYC levels in USP9X siRNA treated cells is shown by box-and-whisker plots. GAPDH was
used as the endogenous control. Ratios over 1 indicate higher expression of mRNA and ratios
below 1 indicate lower expression of mRNA. n=3 p value: * <0.05. p values were calculated
by Randomization Test using REST 2009 software.

Figure 3.12 USP9X does not regulate cell proliferation through Notch pathway in faDu cells.
A: Cells were treated with non-target (NT) and USP9X siRNAs for 72h, serum starved for 24h
and seeded in to 96 well plates. Cells were maintained in complete media with DAPT and cell
numbers were measured with CyQUANT assay. All readings were normalised to the reading
at 24h. Error bars are the mean± S.D. n=3, p value: * <0.05 (Student’s t-test). Data here
represent one of the two biological replicates.
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3.3.7 USP9X affected mTORC1 activity in HNSCC cells
Alterations in the mTOR pathway are prevalent in HNSCC independent of EGFR and p53
status (Molinolo et al., 2007). Since mTOR is a known regulator of cell cycle progression
(Fingar et al., 2004) and USP9X interacts with components of mTOR signalling pathway, such
as Rictor and Raptor in C2C12 myoblasts (Agrawal, P. et al., 2012), we monitored mTOR
complex 1 (mTORC1) activity by probing for its downstream target, phosphorylated S6. Both
p-S6 and total S6 were depleted upon USP9X knockdown (Figure 3.13).

Figure 3.13 Depletion of USP9X reduced the activation of mTORC1. FaDu cells treated with
non-target (NT) and USP9X siRNAs for 72 h were serum starved for 24h and plated in to 6
well plates with complete media. Cells were harvested 48h (at sub-confluency) and expression
of S6 and its phosphorylated form was determined with immunoblot analysis. GAPDH was
used as the loading control.
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3.3.8 USP9X protein levels inversely correlated with cell proliferation of skin Keratinocytes
A cell context specific role has been reported for USP9X in pancreatic ductal adenocarcinoma
(Cox, J. L. et al., 2014) implied by its both tumour promoting oncogenic (in cultured PDA
lines) and tumour suppressor (in vivo) functions (Perez-Mancera et al., 2012; Cox, J. L. et al.,
2014). We examined if the role of USP9X is different in non-transformed epithelial squamous
cells compared with tumour-derived epithelial squamous cells. For this comparison we
investigated the immortalised but non-transformed human skin keratinocytes, HaCaT cells
(Boukamp et al., 1988). Treatment with USP9X specific siRNAs for 24 h led to more than 80%
decrease in USP9X protein levels as confirmed by western blot analysis (Figure 3.14).
CyQUANT analysis showed that upon depletion of USP9X, the cell proliferation of HaCaT
cells increased (Figure 3.15), in contrast to the decrease observed in the four HNSCC lines.
Interestingly, even in HaCaT cells, USP9X seems to directly affect Notch signalling as its
depletion reduced the transcript levels of HES1 (Figure 3.16).
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Figure 3.14 siRNA treatment reduced the USP9X protein expression in HaCaT cells. A: Cells
were treated with non-target (NT) and USP9X specific siRNAs for 24h and cells were collected
for protein extraction. Expression of USP9X was monitored by immunoblot analysis and β
tubulin was used as the loading control. B:Densitometric quantification of A. Band intensities
of USP9X was normalised against the band intensities of β tubulin.
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Figure 3.15 USP9X depletion increased the cell numbers in HaCaT cells. A:HaCaT cells were
treated with non-target (NT) or USP9X specific siRNAs for 24 h, serum synchronized for 24h
and plated in to 96 well plates with complete media. Cell numbers were measured with
CyQUANT analysis and all readings were normalised to the reading at 24h. Error bars are the
mean± S.D. n=3, p value: * <0.05 (Student’s t-test).
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Figure 3.16 USP9X depletion reduced the HES-1 activity. HaCaT cells were treated with nontarget or USP9X specific siRNAs for 24h, serum synchronised for 24h and plated into 6 well
plates. Cells were harvested at different time points as indicated on the graph and RNA was
extracted, cDNA was synthesised and qPCR analysis was done to measure the HES-1
expression levels. Relative expression ratio of HES-1 levels in USP9X siRNA treated cells is
shown by box-and-whisker plots. GAPDH was used as the endogenous control. Ratios over 1
indicate higher expression of mRNA and ratios below 1 indicate lower expression of mRNA.
n=3, p value: *<0.05 The p values were calculated by Randomization Test using REST 2009
software.
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3.4 Discussion
The data presented in this chapter indicates that USP9X promotes the proliferation of four
established HNSCC cell lines. It also directly regulates Notch signalling activity within these
cells.
In general, USP9X has been found to promote the advancement of epithelial cancers
investigated so far. USP9X expression correlates with poor prognosis of oesophageal
squamous cell carcinoma (Peng, J. et al., 2013) and non-small cell lung cancer (Wang, Y. et
al., 2015). Genetic disruption or downregulation of USP9X leads to increased sensitivity and
reduced bioactivity of colorectal cancer (Harris et al., 2012), hepatocellular carcinoma (Liu,
H. et al., 2015) and pancreatic ductal adenocarcinoma (Cox, J. L. et al., 2014) cells.
Interestingly, USP9X has been found to play a bimodal role in the same cancer depending upon
the stage. Such context specific role of USP9X was first documented by Cox et al (Cox,
J. L. et al., 2014) when they depleted USP9X in five established pancreatic cell lines and
discovered a growth promotor action as opposed to the tumour suppressive function identified
during the generation of pancreatic adenocarcinoma in vivo (Perez-Mancera et al., 2012).
Similarly, in our study depletion of USP9X in four established head and neck cancer cell lines
revealed a growth promotor action but its depletion in non-transformed human keratinocytes
induced the opposite. This is consistent with USP9X’s proposed role as a tumour suppressor
which needs to be silenced by truncating mutations in patients with GB- OSCC (India Project
Team of the International Cancer Genome, 2013). However, tumours that retain USP9X may
modify its role epigenetically to benefit tumour survival. Extending the investigation to a larger
HNSCC cell panel would provide a deeper understanding in to the role of USP9X in
established tumours. A limitation of the current study was the use of siRNAs for protein
knockdown. As this is only a transient knockdown, long-term effect of
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USP9X loss on the cancer cells was not evaluated. Hence it would be worthy to establish a
stable knockdown of USP9X and then determine its effect on the tumorogenecity, especially
in cellular invasion and metastasis.
Several studies have emphasised the importance of the Notch signalling pathway in head and
neck cancers. Analysis of HNSCC revealed copy number gains in several genes of Notch
signalling pathways including the Notch ligand JAG1(Sun et al., 2014). Additionally, when
mRNA was examined, 32% showed activation of downstream Notch effectors HES1/HEY1.
Similarly, other studies have shown upregulation of mRNA levels of Notch pathway genes
such as NOTCH1, NOTCH2, JAG2, HES1 and HEY 1 in oral squamous cell carcinoma (Hijioka
et al., 2010; Sun et al., 2014). Elevated protein levels of NOTCH1, HES1 and JAG1 were also
reported in oral dysplasias (Zeng et al., 2005; Yoshida et al., 2013; Gokulan and Halagowder,
2014). The biological significance of Notch signalling was demonstrated when Notch
inhibition by gamma secretase inhibitors in HNSCC cell lines lead to significant reduction in
cell proliferation and invasion (Ishida et al., 2013; Yoshida et al., 2013). Additionally,
NOTCH1 protein localises to the invasive tumour front of oral squamous cell carcinomas
(Yoshida et al., 2013). In the current study, a direct correlation between Notch pathway activity
and USP9X protein levels was established through the quantification of mRNA levels of Notch
downstream effector, HES1. It could be through the deubiquitylating activity against a mediator
of Notch signalling or as a more general mediator of transcriptional control. However, USP9X
seemed to regulate cell proliferation of these cell lines independently of Notch activity. But
given the its role of Notch pathway in invasion, it is probable that USP9X plays a role in the
invasion and metastasis of head and neck tumours via Notch and should be further
experimentally investigated.
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data suggests that mTOR pathway may be involved in the proliferation of the selected cell
lines of this study. mTOR is an important downstream effector of PI3K/Akt signalling pathway
and it is commonly activated in head and neck cancers (Rothenberg and Ellisen, 2012).
Activated mTOR pathway promotes transcription of genes regulating cell growth and
proliferation. It plays an important role in cell cycle, specifically in G1-phase progression
(Fingar et al., 2004). In FaDu, knockdown of USP9X lead to a depletion of ribosomal protein
S6 and its phosphorylated form, which may have impeded cell cycle progression thus, retarding
cell proliferation. However, further experiments are required to ascertain if USP9X regulates
proliferation through mTOR pathway. For an instance it should be determined if reduction in
proliferation in FaDu with depleted USP9X levels could be rescued by overexpressing S6
protein. Given the role of DUBs in numerous human cancers, their inhibitors have emerged as
potential cancer therapeutics (D'Arcy et al., 2015). Small molecule DUB inhibitors such as
P5091, WP1130 are considered to have therapeutic value because of their pro-apoptotic
properties (Kapuria et al., 2010; Chauhan et al., 2012). P5091, a USP7 inhibitor, was found to
induce apoptosis in Bortezomid resistant multiple myeloma cells (Chauhan et al., 2012).
WP1130 inhibits several DUBs including USP9X, USP5 and USP14 and was found to increase
doxorubicin sensitivity in hepatocellular carcinoma cells through USP9X-dependent p53
degradation (Liu, H. et al., 2015). However, care should be taken when implementing inhibitors
targeting proteins like USP9X which display bimodal, context specific roles. This is especially
relevant in epithelial cancers, such as head and neck carcinoma, where field cancerization
prevails (Slaughter et al., 1953; Dotto, 2014) and several cancer initiating cells are scattered
throughout the primary tumour. When loss of USP9X could be detrimental to the tumour cells,
its loss in cancer initiating cells could expedite the development of secondary tumours.
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Chapter 4
Investigating the oncosuppressor role of USP9X in skin keratinocytes

4.1 Introduction
A recent study reported that the deubiquitylating enzyme, USP9X, plays a role in the
transformation of skin keratinocytes (Perez-Mancera et al., 2012). The primary aim of the study
was to identify and characterize genes that cooperate with KrasG12D to promote the early onset
of pancreatic ductal adenocarcinoma (PDA). Through Sleeping Beauty
transposon-mediated insertional mutagenesis in a mouse model they identified several such
genes. The most frequently mutated gene, in over 50% of mice, was Usp9x. Expression of
KrasG12D and deletion of Usp9x under a pancreatic specific promotor pdx1 in mice, accelerated
the generation of advanced PDA in the animals. Interestingly, due to low level
activity of the Pdx1 promoter in suprabasal keratinocytes, these mice also developed aggressive
oral papillomas (Mazur, P. K. et al., 2010) suggesting that usp9x loss could cooperate with
KrasG12D to transform skin keratinocytes as well.
Ras is a one of the most commonly activated gene in cancer with no direct pharmaceutical
tractability (Cox, A. D. et al., 2014; Kimmelman, 2015). Therefore, it has been of immense
interest to identify the underlying molecular pathways and other important players in Ras
driven cancers. In skin cancer, mutation in Ras, particularly, Hras is a critical initiator of
tumourigenesis (Ise et al., 2000; Nagase et al., 2003). The study detailed below aimed to
investigate the contribution of USP9X in Ras driven skin cell transformation using an in-vitro
system.
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Even though normal human keratinocyte cultures are an ideal experimental system for in- vitro
studies, its use is limited due to complex procedures involved in recovery from donors,
cultivation and limited proliferative capacity. The spontaneously immortalised human
keratinocyte cell line, HaCaT is an alternative model to study keratinocyte functions.
Exogenous oncogenic or mitotic genes are not responsible for the HaCaT immortalization
phenotype (Boukamp et al., 1988), though the p53 gene is known to have UV specific
mutations in both alleles (Lehman et al., 1993). Another mechanism that might be contributing
to the immortalization of HaCaT cells is the elevated activity of the enzyme telomerase
(HarleBachor and Boukamp, 1996). Telomerase is responsible for maintaining stable telomere
length. Constant shortening of telomeres is seen in normal cells as they approach cellular
senescence. Thus, increased telomerase activity in these cells might be aiding the cells to avoid
senescence and maintain cell cycle continuously. Importantly, HaCaT cells express all the
major surface markers and functional activity characteristics of isolated normal keratinocytes
and are able to differentiate, forming stratified epidermal structure (Boukamp et al., 1988).
Some authors have found deficiencies in HaCaT differentiation (Schurer et al., 1993) whereas,
others have not (Boukamp et al., 1988).
Here, HaCaT cells were used to determine the functional role of USP9X in a background of
activated RAS.

4.2 Methods
4.2.1 Cell culture
Immortalised human skin keratinocyte cell line, HaCaT, was obtained from Dr. Andrew Dilley
at University of Queensland. Cells were cultured in Dulbecco's Modified Eagle
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Medium (DMEM-F12, Life Technologies) with 10% foetal bovine serum (Bovogen, Australia)
at 5% CO2/37 ˚C.
4.2.2 Transduction of lentiviral plasmids
Three pLV711G lentiviral plasmids inserted with different shRNA constructs (generated at the
lab of A/Prof. Stephen Wood) were used for the study. The three shRNA used were “Scramble”
with no known target, “2193” targeting from base pair 2193 region of the target protein, human
USP9X, and “4774” targeting from the base pair 4774 region of the USP9X protein. The
nucleotide sequence of each shRNA is listed in the Table 4.1. Lentiviral plasmids were packed
in to viral heads with “ViraPower Lentiviral expression system” (Thermo Fisher Scientific,
Massachusetts, USA). Transduction was carried out by treating cells growing at 70%
confluency with 1 ml of viral supernatant. Cells successfully transduced with the lentivirus,
expressed GFP protein 48 h after the procedure and were sorted by Fluorescent activated cell
sorting (FACS).
Table 4.1 Nucleotide sequence of the shRNAs used for transduction of HaCaT cells

shRNA

Nucleotide Sequence

Scramble

5’ ACTACCGTTGTTATAGGTGTTCAAGAGACACCTATAACAACGGTAGT 3’

2193 5’ GCTTGATCCTTCCCTGTTAAC 3’
4774 5’ GCCATAGAAGGCACAGGTAGT 3’
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4.2.3 Transduction of retroviral plasmids
Two pBABE-puro retroviral plasmids with cDNA of KrasG12D (glycine at 12th position altered
to aspartic acid) or cDNA of HrasG12V (glycine at 12th position altered to valine) were used for
the study (Ren et al., 2008; Lemieux et al., 2015).
The plasmids were packaged in Platinum-A Retroviral Packaging cell line, Amphoteric (Cell
Biolabs, San Diego, USA), as per the product protocol. HaCaT cells grown to 70% confluency
were transduced with 1 ml of viral supernatant and stably transduced pools selected with 1 μg/
ml of puromycin for 12 days (Sigma Aldrich, Missouri, USA).
4.2.4 siRNA transfection
Refer to Chapter 3, section 3.2.3.
4.2.5 Cell viability assays
4.2.5.1 xCelligence assay
xCelligence (Roche Applied Science, Penzberg, Germany) is a technique used to monitor cell
viability, number, morphology and adhesion in cell based assays. siRNA treated cells were
seeded on to E plate 96 which is a single use, disposable device similar to commonly used 96well plates. Each of the 96 wells of the E-plate 96 contains integral sensor electrode arrays so
that cells inside each well can be monitored and assayed. The presence of cells on top of the Eplate 96 electrodes affects the local ionic environment at the electrode/solution interface,
leading to an increase in electrode impedance. Electrode impedance is displayed as cell index
(CI) values.
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4.2.5.2 MTS assay
The CellTiter 96® AQueous One Solution Cell Proliferation Assay is a colorimetric assay used
to determine the number of viable cells in proliferation. The ‘Cell Titer 96 Aqueous One
reagent’ (Promega, Wisconsin, USA) contains a tetrazolium compound [3-(4,5dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner
salt; MTS] and an electron coupling reagent (phenazine ethosulfate; PES). PES has enhanced
stability which combines with MTS to form a stable solution. Cells bioreduce the MTS
tetrazolium compound into a coloured formazan product that is soluble in tissue culture
medium. The conversion is accomplished by NADPH or NADH produced by dehydrogenase
enzymes produced by the metabolically active cells. HaCaT cells were seeded in to 96 well
plate, treated with siRNAs and the assay was conducted as per the manufacturer’s protocol.
4.2.6 Immunocytochemistry
Cells were fixed in 4% paraformaldehyde for 10 min and washed thrice with 1X PBS. Cells
were blocked and permeabilised with PBS containing 0.2% Triton 100X and 3% goat serum
for 1 h at room temperature. Cells were incubated with primary antibodies overnight at 4 ˚C,
washed thrice with PBS and then incubated with secondary antibodies for 1 h at room
temperature. Apoptotic cells were marked with anti-cleaved caspase-3 (Cell Signalling
Technology, Massachusetts, USA), USP9X was stained with anti-USP9X (Bethyl
Laboratories, Montgomery, USA), and the cytoskeleton was stained with anti-β-tubulin
(Abcam, Cambridge, UK). Nuclei were stained with DAPI (Abcam, Cambridge, UK) and
plasma membrane was stained with cell mask (Thermo Fisher Scientific, Massachusetts, USA).
Cells were washed as mentioned above following each stain. Images were captured using
Operetta High Content Imaging System (PerkinElmer, Massachusetts, USA).
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4.2.7 Western Blot analysis
For general protocol refer to Chapter 2, section 2.2. Total USP9X and RAS levels were detected
by probing with anti-USP9X (Bethyl Laboratories, Montgomery, USA) and anti- RAS (Cell
Signalling Technology, Massachusetts, USA) antibodies. β tubulin (Abcam, Cambridge, UK)
was used as the loading control.
4.2.8 Scratch assay
Scratch assays were performed as described previously (O'Toole et al., 1997). Cells were
grown to confluency in a 96 well plate and synchronized with serum starvation for 24h. A
scratch was made with 200 μl pipette tip and the wound closure was monitored using cell R,
live cell imager (Olympus, Tokyo, Japan) for 24 h.
4.2.9 Statistical analysis
The data were analysed with IBM SPSS statistical software.
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4.3 Results
4.3.1 Establishment of an inducible USP9X knockdown system
4.3.1.1 Transduction of HaCaT cells with USP9X specific shRNA lentiviral vectors
Following sorting, expression of shRNAs was induced in HaCaT cells with 1 μM doxycycline.
The doxycycline addition resulted in knockdown of USP9X as previously described for other
target genes (Brown et al., 2010; Matsushita et al., 2013).
The efficiency of USP9X protein knockdown 72 h after treatment was determined by
immunoblot analysis. Levels of USP9X proteins were probed for, with β tubulin as the house
keeping protein and loading control. Even after 72 h of doxycycline treatment, only 30%
reduction in USP9X protein was observed in 2193 clones, whereas 4774 clones exhibited
approximately 85% reduction in protein level (figure 4.1). Interestingly, the USP9X protein
expression has considerably reduced in 2193 and 4774 clones compared to Scr. This could be
due to the leakiness of the promoter such that, some shRNA is expressed even in the absence
of doxycycline. It is also probable that since each shRNA (Scr, 2913, 4774) represents an
independently isolated pool, basal level of USP9X protein expression is different between the
pools.
4.3.1.2 Transfection of HaCaT cells with USP9X specific siRNA
Given the variability and incomplete depletion of USP9X protein, even 72 h after induction of
shRNAs, an alternative method of USP9X knockdown was pursued. To this end, HaCaT cells
were treated with non-target (NT) and USP9X specific siRNAs at a final concentration of 25
nM. To determine the extent of USP9X knockdown, proteins were extracted from 24, 48 and
72 h of siRNA treatment. Immunoblot analysis revealed more than 80% reduction in USP9X
protein level within 24 h of treatment (Figure 4.2). Therefore, since the knockdown
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of USP9X with siRNA was much more rapid and effective than shRNA, siRNAs were used for
further experiments.

Figure 4.1 Treatment of doxycycline induced shRNA knockdown of USP9X. A: HaCaT cells
transducted with Scr, 2193 and 4774 shRNAs were treated with 1 μM doxycycline for 72 h.
Cell lysates were then collected, proteins extracted and the level of endogenous USP9X protein
expression was determined with immunoblot analysis. β tubulin was used as the loading
control. B: Densitometric analysis of A. Intensity of USP9X bands were normalised to their
respective β tubulin values. Percentages of USP9X reduction upon doxycycline treatment
compared to no-doxycycline treated cells are indicated on the graphs.
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Figure 4.2 siRNA treatment resulted in knockdown of USP9X protein in HaCaT cells. A:
HaCaT cells treated with non-target (NT) or USP9X specific siRNAs for 24, 48 and 72h were
harvested and endogenous USP9X protein level was determined with immunoblot analysis. β
tubulin was used as the loading control. B: Densitometric quantification of A. Intensity of
USP9X bands were normalised to their respective β tubulin values. Percentages indicated on
the graph refer to the percentage of USP9X reduction upon USP9X siRNA treatment.
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4.3.2 Establishment of HaCaT cells expressing activated RAS
As loss of Usp9x alone did not induce PDA, but only accelerated Ras-induced tumourigenesis
(Perez-Mancera et al., 2012), RAS was overexpressed within HaCaT cells to more accurately
reflect the in-vivo situation. KrasG12D was the mutated Ras gene used in the PDA study but,
HRAS is the most frequently mutated RAS member in skin cancer (Corominas et al., 1989).
Hence, two independent in vitro models expressing either KrasG12D or HrasG12Vwere
established.
Proteins were extracted from the transduced, puromycin resistant, HaCaT cells and expression
of exogenous RAS protein was determined by immunoblot analysis. The total RAS protein
levels increased by 88% and 64% in cells expressing mutated KRAS or mutated HRAS
respectively (Figure 4.3)

Figure 4.3 Transduction of HaCaT cells with plasmids containing mutated RAS resulted in an
increase in total RAS protein expression A: HaCaT cells were transduced with pBabepuro
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plasmids either containing KrasG12D or HrasG12V and were selected with puromycin for 12 days
to achieve a pure population. Cells were then harvested, lysed and proteins extracted and the
expression of total RAS protein levels were determined by immunoblot analysis. β tubulin was
used as the loading control. B: Densitometric analysis was conducted to quantitate the band
intensities. Intensity of bands corresponding to RAS protein were normalised to their respective
β tubulin intensity values.

4.3.3 Depletion of USP9X increased HaCaT cell numbers
Cell proliferation was first assessed with the xCelligence assay. Cells were treated with USP9X
siRNA for 24 h before plating in to xCelligence plates and the cell index was monitored in real
time for 7 days. In all three populations, USP9X knockdown reported higher index numbers
compared with control cells treated with non-targeting (NT) siRNAs (Figure 4.4). The control
cells reached a maximum index value of 20-25 post ~50 h of seeding but the maximum index
value of USP9X knockdown cells was much higher and ranged between 30-35. After reaching
the maximum, the cell index values plunged and then plateaued. Once again the plateau values
were higher in USP9X knockdown cells (~25) compared to control cells (~15) (Figure 4.4).
The cell index measures electrical impedance in a particular well. Changes in impedance could
be due to differences in cell number or other factors such as differences in cell morphology.
Hence, we also measured HaCaT proliferation with an MTS assay. Cell proliferation was
monitored at 24, 48 and 72 h post siRNA treatment. Except at 72h, an increase in absorbance
was noted in all cells with depleted USP9X levels, implying a higher cell proliferation in
absence of USP9X (Figure 4.5). Interestingly, activation of KRAS
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resulted in higher proliferation in HaCaT cells whereas HRAS activation reduced the
proliferation. Inability to see an effect of USP9X on proliferation of control cells (vector alone)
and cells expressing mutated KRAS at 72h was mostly due to higher cellular confluency at this
time point. However at 72h, cells expressing mutant HRAS seems to continue to proliferate in
log phase as a result of their slow proliferation rate compared to the others. No significant
interaction was noted between the siRNA treatment and the active cell proliferation of different
cell pools.
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Figure 4.4 xCelligence assay recorded higher cell index values in cells with depleted USP9X.
HaCaT cells treated with non-target (NT) and USP9X siRNAs for 24 h were seeded in to 96
well e-plate and cell index readings were taken for 144 h. All values are normalised to the
value at 12 h. Vertical line across the graphs indicates the point of normalisation.
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Figure 4.5 HaCaT cells with depleted USP9X showed higher viability in MTS assay. HaCaT
cells were seeded in to 96 well plates and treated with non-target (NT) and USP9X siRNA’s.
Cell viability readings were taken at 24, 48 and 72 h after. Absorbance values corresponds to
cell viability. pBp: cells transfected with vector alone, Kras: HaCaT cells expressing KRAS
G12D , and Hras: HaCaT cells expressing HRAS G12V. Error bars represent mean ±S.D, p
value: * ≤ 0.05; **≤ 0.001; *** ≤ 0.000 (LSD method). Two-way ANOVA, Post Hoc test:
Turkey HSD.
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4.3.4 RAS expression promoted the apoptosis in HaCaT cells
To determine the contribution of cell death to the observed alterations in cell numbers, levels
of apoptosis were measured. HaCaT cells treated with siRNAs were seeded in to 96 well plates.
Cells were fixed at 48, 96 and 144 h and stained with cleaved caspase-3 antibody (Figure 4.6).
At 48 and 96 h, the percentage of apoptotic cells was minimal in all populations. At 144h,
higher numbers of cleaved caspase 3 positive cells were observed mainly in HaCaT cells with
activated KRAS (Figure 4.7). Due to high variability of the data, significance of USP9X in the
survival of HaCaT cells was not clearly determined. However, higher apoptosis rate did not
affect the cell numbers of RAS activated cells (Figures 4.4 and 4.5).

Figure 4.6 Apoptotic cells were detected with apoptotic marker, cleaved caspase-3 antibody.
HaCaT cells treated with siRNAs for 24 h and plated in to 96 well, black, glass bottom plates.
Cells were fixed with 4% PFA and stained with cleaved caspase-3 antibody to detect apoptotic
cells. Nuclei were stained with DAPI. Images were captured in 20x with Operetta High Content
Imaging system.
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Figure 4.7 RAS overexpression increased apoptosis in skin keratinocytes. HaCaT cells treated
with non-target (NT) or USP9X siRNAs’ for 24 h were seeded in to 96 well, black, glass bottom
plates. Cells were fixed with 4% PFA at 144 h post seeding and stained with cleaved caspase3 and DAPI. Images were captured in 20X magnification with Operetta High Content Imaging
system. Percentage of apoptotic cells were calculated by taking a percentage of DAPI and
cleaved caspase-3 co-stained cells over total number of DAPI stained cells in a particular field
of view. pBp: HaCaT cells with vector alone, KRASG12D: HaCaT cells expressing mutant
KRAS, HRASG12V: HaCaT cells expressing mutant HRAS. Error bars represent mean ±S.D.
p value * ≤ 0.05 (LSD method). Two-way ANOVA, Post Hoc test: Turkey HSD.

4.2.5 USP9X depletion affected the cytoskeleton of HaCaT cells
Altered cellular morphology is another characteristic of cell transformation (Spencer and
Davie, 2000), therefore cell size and microtubule staining was monitored in siRNA treated
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cells (Figure 4.8). Interestingly, though not always significant, a decrease in β tubulin staining
was observed in USP9X depleted cells (Figure 4.9 A). RAS expression had no effect on the β
tubulin expression but altered the size of the keratinocytes (Figure 4.9 B). However, this effect
was seen only with cells expressing mutated HRAS. HRAS overexpression has been shown to
induce morphologic changes in rat kidney cells, both mouse and human fibroblasts and human
breast epithelial cells (Hurlin et al., 1989; Russo et al., 1991; Yeh et al., 2008). USP9X
depletion had no effect on the size of the keratinocytes.

Figure 4.8 Cell size was determined by staining with cytoplasmic stain, cell mask, and
cytoskeleton was stained with β tubulin antibody. HaCaT cells treated with siRNAs for 24 h
was plated in to 96 well, black, glass bottom plates and 48 h later cells were fixed with 4%
PFA. A: Cytoplasm was stained with cell mask antibody and nucleus stained with DAPI. B:
Cytoskeleton was stained with β tubulin antibody and nucleus was stained with DAPI. All
images were captured in 20X magnification with Operetta High Content Imaging system.
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Figure 4.9 USP9X depletion affected β tubulin and RAS expression altered the cell area of
HaCaT cells. HaCaT cells treated with non-target (NT) or USP9X siRNAs for 24 h were plated
in to 96 well, black, glass bottom plates. Cells were fixed 48 h later with 4 % PFA, stained and
images were captured in 20X magnification with Operetta High Content Imaging system. A: β
tubulin staining was calculated per cell. B: Area of cytoplasm per cell was calculated. pBp:
HaCaT cells with vector alone, KRASG12D: HaCaT

cells

expressing mutant KRAS,

HRASG12V: HaCaT cells expressing mutant HRAS. Error bars represent mean ±S.D. p value:
*≤0.05 (LSD method). Two-way ANOVA, Post Hoc test: Turkey HSD.
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4.2.6 RAS expression increases the cell migration of HaCaT cells
Cell migration is an essential process in physiological and pathological conditions such as
wound healing and tumour invasion (Charvat et al.; Friedl and Gilmour, 2009). To study
keratinocyte motility, a scratch assay was conducted on serum synchronized cells (Figure
4.10 A). A significant increase in cell motility was observed in mutated RAS expressing cells
(Figure 4.10 B). Ectopic RAS expression increasing the cell migration of HaCaT cells has been
previously described (Charvat et al.; Charvat et al., 1998). However, the cell motility of the
keratinocytes was unaffected by the USP9X status.
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Figure 4.10 RAS overexpression increased the cell motility of keratinocytes. A: HaCaT cells
treated with non-target (NT) and USP9X siRNAs’ were plated into 96 well plates. Cells grown
to confluency were wounded with a 200 μl pipette tip. Area of the wound was calculated at 0 h
and at 24 h. To measure the area of wound closure, area at 24 h was deducted from the area
at 0 h. B: Area of wound closure at 24 h was calculated in NT and USP9X siRNA treated cells.
pBp-HaCaT cells with vector alone, Kras-HaCaT cells expressing KRASG12D, Hras- HaCaT
cells expressing HRASG12V. Error bars represent mean ±S.D. p value: * ≤ 0.05 (LSD method).
Two-way ANOVA, Post Hoc test: Turkey HSD.

4.4 Discussion
This study dissected the functional interaction of USP9X with the activated RAS in human skin
keratinocytes.
RAS mutations are critical initiators in human skin tumourigenesis (Vanderschroeff et al., 1990;
Popp et al., 2002) and their expression in HaCaT cells significantly altered the cell
proliferation, viability, morphology and motility. Interestingly, in this study, depletion of
USP9X significantly increased the proliferation of HaCaT cells in both presence and absence
of activated RAS but, had no effect on the morphology or the motility of HaCaT cells. Sustained
proliferation is one of the hallmarks of cancer and plays an important role especially during
early stages of tumourigenesis (Hanahan and Weinberg, 2011). Notably as per the xCelligence
data, USP9X knockdown cells not only proliferated faster but also attained a higher two
dimensional culture density indicating prolonged proliferative capacity amid constraints such
as contact inhibition. In this context, USP9X could act as a tumour suppressor in skin,
independent of Ras status. However, it should be noted that HaCaT cells harbour inactivating
mutations in both alleles of p53 (Lehman et al., 1993). The p53
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transcription factor (encoded by the human gene TP53) is a key tumour suppressor and a master
regulator of various signalling pathways, interestingly found to be mutated at different phases
of the multistep process of malignant transformation and contributing differentially to tumour
initiation, promotion, aggressiveness and metastasis (Rivlin et al., 2011). In skin cancer,
particularly UV-induced skin cancers, mutation in TP53 is an early and a precursor event in
tumourigenesis. It is unclear if the increased cell proliferation observed above is a result of the
combined effect of loss of USP9X with loss of p53. Use of a primary keratinocyte model
instead of an immortalized cell system in future studies would enable the elimination of some
undesirable confounders and dissect out the role of USP9X alone.
Cell morphology, direction of cell locomotion, cell spreading, migration etc. are all maintained
by microtubules, stress fibres and membrane-associated cytoskeleton. Reduced microtubules,
disruption of stress fibres and redistribution of actin-filaments are noted in transformed cells
(Lin et al., 1990; Hall, 2009). Hence the decrease in β tubulin in USP9X knockdown cells
should be further investigated. Association of USP9X with cytoskeleton integrity has been
previously documented. Knockout of USP9X in mouse embryos led to the disruption of
cytoskeleton in neurons (Homan et al., 2014) and has a causal association with intellectual
disability. Other cytoskeletal proteins such as actin and vinculin should also be assessed.
Vinculin null cells are found to be highly metastatic, motile and show reduced susceptibility to
apoptosis (Lifschitz-Mercer et al., 1997; Xu, W. et al., 1998; Subauste et al., 2004). Actin is
identified as a cellular target for onco-viruses such as human papillomavirus type 8 and is
downregulated, emphasizing its relevance in cellular transformation (Akgül et al., 2009). It is
possible that loss of USP9X aids the alterations in cytoskeleton essential for keratinocyte
transformation.
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RAS expression in HaCaT cells led to an increase in cellular apoptosis as previously
demonstrated (Zhao, Yunfeng et al., 2006). Increased apoptosis has been shown to be a result
of increased oxidative stress from RAS activation (Gorrini et al., 2013). Oxidative stress
induces genomic instability playing a critical role in tumour progression (Reuter et al., 2010,
(Gorrini et al., 2013). Interestingly depletion of USP9X led to a decrease in apoptosis in the
RAS expressing HaCaT cells. USP9X has been reported to play a role in oxidative stress
induced cell death (Nagai et al., 2009; Huntwork-Rodriguez et al., 2013). It is found to stabilise
apoptosis signal-regulating kinase 1 (ASK1) and is required for MAPK activation and cell
death during oxidative stress. Thus it is possible that depletion of USP9X destabilizes ASK1
in HaCaT cells, resulting in decreased death of RAS activated cells. Thus, USP9X depletion
could be beneficial for the propagation of RAS driven tumors. However, further experiments
need to be done to validate these results and in addition to apoptosis, levels of oxidative stress
should be measured in these cells.
Although, through our in-vitro model we were unable to clearly dissect out how USP9X
functionally contributes to RAS driven skin tumourigenesis, a possible tumor suppressive role
of USP9X in proliferation, cytoskeleton integrity and apoptosis of skin keratinocytes as
suggested by Perez et al (2012) was established which demands further interrogation. It could
be more appropriate to use primary skin keratinocytes as an in-vitro model to exclusively study
the interaction between USP9X and mutated RAS proteins
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Chapter 5
Deubiquitylating enzyme, USP9X, promotes the survival of skin
keratinocytes following UVB induced DNA damage

5.1 Introduction
The human body is continuously exposed to various external and internal stressors, such as
chemicals, radiation, hypoxia, and oxidative stress etc., leading to the formation of DNA
lesions (Natarajan et al., 1993; Lee et al., 2002; COOKE et al., 2003; McCauley et al., 2008).
The DNA damage response (DDR) is a complex process involving detection of these DNA
lesions, signalling their presence and promotion of their repair. If the damage is too great or the
repair is ineffective, mechanisms are in place to activate cell death pathways such as apoptosis
or necrosis (Nowsheen and Yang, 2012). Pathways dictating cell survival or death are
intricately entwined and have a key role in carcinogenesis, as well as, the outcome of cancer
therapy with genotoxic drugs. Thus, understanding the molecular basis of these pathways is
important not only to gain an insight into tumour initiation and progression but also to promote
successful cancer therapy.
The deubiquitylating enzyme, USP9X, has been found to regulate the survival of tumour cells
exposed to various DNA damaging agents, such as gamma radiation and alkylating agents
(Trivigno et al., 2012; Zhao, Yu et al., 2015). In response to gamma radiation in multiple
myeloma cells, USP9X stabilizes the pro-survival protein MCL-1 whereas, during alkylating
damage, it stabilizes the ALKB3 complex, a demethylase of Alk B family, required to repair
the lesions. A recent study suggested that USP9X depletion could co-operate with oncogenes
such as Ras to transform skin keratinocytes, but the exact molecular mechanism through
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which USP9X suppresses skin tumourigenesis is still unclear (Perez-Mancera et al., 2012). The
study presented below investigated if USP9X could play a role in the DNA damage response
of skin keratinocytes.
Ultraviolet (UV) light is a complete carcinogen as it can both initiate and promote the
tumourigenesis process. It is a pivotal causal factor in non-melanoma skin cancer (NMSC) in
humans as well as in other animals (Marks, 1995; Kraemer, Kenneth H., 1997). UVB
irradiation is particularly harmful to skin and can be directly absorbed by DNA producing
various photolesions. The role of USP9X in UVB induced DNA damage response of skin
keratinocytes was assessed, using an in-vitro model namely, the immortalised human skin
keratinocyte cell line, HaCaT.

5.2 Methods
5.2.1 Cell culture
Immortalised human skin keratinocyte cell line, HaCaT, was cultured as specified in Chapter
4, section 4.2.1.
5.2.2 siRNA treatment
HaCaT cells were treated with siRNAs as mentioned in Chapter 3, section 3.2.3
5.2.3 UV irradiation of cells
UVB lamp (F20/ T10 BLB, 20 W) from Sanky Denki (Japan) was used for irradiation. HaCaT
cells were siRNA treated for 24 h and seeded in to 6 well plates. Sub-confluent cells in
complete media were exposed to a single dose of UVB radiation ranging from 15 to 200
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mJ/cm2. The lamp used for the study emits 600 mJ/cm2 of UVB within an hour and the time of
exposure was adjusted as per the desired dose.
5.2.4 Trypan blue exclusion assay
Cells were harvested along with the floating cells and suspended in serum free media. The cell
suspension was diluted in 1:1 ratio with 0.4% trypan blue solution. Hemocytometer was loaded
with this diluted cell suspension and total number of cells and stained cells were counted.
Percentage of survival was calculated as follows;
Percentage of survival = (1 - stained cells/ total cells) × 100
5.2.5 MTS assay
The detailed procedure is described under Chapter 4, section 4.2. HaCaT cells were treated
with siRNAs for 24 h and seeded in to 96 well plates. Following day, plates were irradiated
with 200 mJ/cm2 of UVB radiation and MTS values were taken at desired time points after
irradiation.
5.2.6 Immunoblot analysis
Refer to Chapter 2, section 2.2, for a detail description of the procedure. The membranes were
incubated, at 4˚C overnight, with primary antibodies listed under Table 5.1. Washed
membranes were incubated with HRP-conjugated secondary antibodies for 1-2 h at room
temperature. Immunoreactive bands were quantified using the VersaDoc Gel Imaging System
(Bio-RAD, Berkeley, CA, USA). Values were normalised to the housekeeping proteins, β
tubulin /GAPDH/ vinculin as indicated.
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Table 5.1 List of antibodies

Antibody

Company

Rabbit anti-pATR

Cell

Working dilution

Signalling

Technology,

1:1000

Massachusetts, USA
Rabbit anti-pATM

Cell

Signalling

Technology,

1:1000

Massachusetts, USA
Rabbit anti-ATM

Cell

Signalling

Technology,

1:1000

Massachusetts, USA
Rabbit anti-ATRIP

Cell

Signalling

Technology,

1:1000

Massachusetts, USA
Rabbit anti-MCL-1

Cell

Signalling

Technology,

1:1000

Massachusetts, USA
Rabbit anti-cleaved PARP1

Cell

Signalling

Technology,

1:1000

Massachusetts, USA
Rabbit anti-γH2AX

Cell

Signalling

Technology,

1:1000

Massachusetts, USA
Rabbit anti-H2AX

Bethyl

Laboratories,

1:1000

Technology,

1:1000

Montgomery, USA
Rabbit anti-p cdc25c

Cell

Signalling

Massachusetts, USA
Mouse anti-RPA32

Cell

Signalling
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Technology,

1:1000

Massachusetts, USA
Rabbit anti-GAPDH

Cell

Signalling

Technology,

1:2000

Massachusetts, USA
Rabbit anti-β tubulin

Abcam, Cambridge, UK

1:2000

Rabbit anti-vinculin

Cell

1:2000

Signalling

Technology,

Massachusetts, USA

5.2.7 Annexin V/FITC assay
Annexin V is a sensitive probe for cells undergoing apoptosis. Loss of plasma membrane
asymmetry is one of the earliest features of apoptosis. In apoptotic cells, the membrane
phospholipid phosphatidylserine (PS) is translocated from the inner to the outer leaflet of the
plasma membrane, thereby exposing PS to the external cellular environment. Annexin V binds
to the exposed PS and thus, serves as a sensitive marker for cells undergoing apoptosis (Vermes
et al., 1995; van Engeland et al., 1996). Propidium iodide is a membrane impermeable dye that
is generally excluded from viable cells, whereas the membranes of dead and damaged cells are
permeable to PI. Cells that are considered viable are both Annexin V and PI negative, while
cells that are in early apoptosis are Annexin V positive and PI negative, and cells that are in
late apoptosis or are necrotic are positive for both Annexin V and PI. PI only stained cells are
also considered necrotic.
Cells were exposed to 200 mJ/cm2 of UVB radiation and 16 h later, cells were harvested,
washed twice with cold PBS and suspended in 1 X Binding Buffer (BD Biosciences, USA).
Suspended cells were sequentially stained with 5 μl of Annexin-V-FITC (BD Biosciences,
USA) for 15 min at room temperature and 10 μl of PI (BD Biosciences, USA) for 15 min in
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dark at room temperature. To each sample 400 μl of 1 X Binding Buffer was added and cells
were analysed immediately with a flow cytometer (CyAN ADP, Beckman Coulter, California,
USA).
5.2.8 Cell cycle analysis
siRNA treated HaCaT cells were plated in to 6 well plates and exposed to 200 mJ/cm2 of UVB
radiation. After 16 h, cells were harvested and cell cycle distribution was analysed as described
in Chapter 3, section 3.2.7.

5.3 Results
5.3.1 Depletion of USP9X protein in HaCaT cells with siRNAs
Depletion of USP9X in HaCaT cells with siRNAs is described in Chapter 4, section 4.3.1.2.
Following 24 h of treatment more than 80% reduction in USP9X was observed (refer to Figure
4.2).
5.3.2 Depletion of USP9X reduced the viability of HaCaT cells after exposure to UVB
radiation
HaCaT cells were exposed to a single dose of 15, 60 and 200 mJ/cm2 of UVB radiation, falling
within the physiological range. The highest, 200 mJ/ cm2 of UVB irradiation, is equivalent to
1 Minimal Erythemal Dose (1MED), which is the threshold dose that may produce sunburn in
skin. 15 and 60 mJ/ cm2 are able to induce genotoxic stress and evoke DDR.
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The percentage of cell survival 48 h after exposure was determined by a phenol blue exclusion
assay. No significant cell death was observed at 15 and 60mJ/ cm2 compared to non-exposed
cells but, at 200mJ/cm2 of UVB the cell survival decreased by ~30-45% (Figure 5.1). The
percentage of cell survival in HaCaT cells with depleted levels of USP9X was 13% lower than
in control HaCaT cells.
Observation through a bright field microscope also showed that relatively fewer USP9X
knockdown HaCaT cells were attached to the plates compared to controls, as early as 12 post
exposure (Figure 5.2). Additionally, when viability was measured with MTT following
exposure to 200mJ/cm2, USP9X knockdown showed a reduction in viable/metabolically active
cells compared to control cells (Figure 5.3).
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Figure 5.1 USP9X depleted cells showed decreased cell viability when exposed to higher levels
of UVB. HaCaT cells were treated with non-target (NT) or USP9X specific siRNA for 24 h,
after which they were irradiated with 3 different doses of UVB. A:24h later, cell lysates were
collected and USP9X protein expression was monitored. GAPDH was used as the loading
control. B:48 h later, cells were harvested, stained with phenol blue and viable and dead cells
were counted manually with a haemocytometer. The percentage of cell survival was calculated
as mentioned in section 5.2.4. Data here represent one of the two biological replicates. Error
bars are the mean ± S.D.p value:* ≤ 0.05(student’s t-test).
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Figure 5.2 Decrease in survival of USP9X knockdown cell when exposed to a UVB dose of
200mJ/cm2. HaCaT cells treated with non-target (NT) or USP9X specific siRNAs for 24 h,
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were irradiated with 200mJ/cm2 of UVB. Following exposure, cells were imaged with brightfield microscope at 4X magnification at 12, 24h.

Figure 5.3 MTS assay detected decreased number of viable USP9X depleted cells exposed to
200 mJ/cm2 of UVB. HaCaT cells were treated with non-target (NT) or USP9X specific siRNAs
for 24 h and seeded in to 96 well plates. Plates were exposed to 200 mJ/cm2 of UVB dose and
cell viability was measured at 24, 48 and 72 h post exposure. Error bars are the mean± S.D. p
value: * ≤ 0.05; *** ≤0.001 (student’s t-test).

DNA damaged cells usually undergo apoptosis or necrosis (Nowsheen and Yang, 2012). In
order to determine the mode of death, cells were stained with the apoptotic marker, Annexin V
and nucleic acid stain PI and analysed with flow cytometry. At 16 h after exposure to 200
mJ/cm2 of UVB radiation, a 30% decrease in cell viability was noted and this was reduced a
further 10% in the absence of USP9X (Figure 5.4). Of the dead USP9X knockdown cells,
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32% stained with both Annexin V and PI indicating they were either a late apoptotic and/or
necrotic population.

Figure 5.4 Increased cell death in USP9X depleted cells exposed to 200 mJ/cm2. HaCaT cells
were treated with non-target (NT) and USP9X siRNA for 24 h. Then the cells were exposed to
200 mJ/cm2 of UVB radiation and 16 h later cells were harvested, stained with Annexin-V
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and propidium iodide (PI) and analysed with flow cytometry. The non-stained cells were
identified as live population, cells with just annexin-V staining were designated as early
apoptotic and cells with just PI were the necrotic population, whereas, cells that stained with
both annexin-V and PI were identified as the late apoptotic and/or necrotic population. Error
bars are the mean± S.D. p value: * ≤ 0.05; *** ≤0.001 (student’s t-test).
To further clarify if USP9X depleted cells die by apoptosis, following exposure to 200 mJ/cm2
of UVB, expression of the apoptotic marker, cleaved PARP-1 was monitored (Chaitanya et al.,
2010). Cleaved PARP-1 expression was evident from 8 h post exposure onwards (Figure 5.5).
However, no difference in its expression levels was evident between control and knockdown
populations.
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Figure 5.5 Exposure to 200mJ/cm2 of UVB induced expression of cleaved PARP-1 expression.
A: HaCaT cells were treated with non-target (NT) and USP9X specific siRNAs for 24 h, after
which cells were irradiated with a UVB dose of 200 mJ/cm2. Cell lysates were harvested
following exposure and expression of apoptotic marker, cleaved PARP-1 was
determined with immunoblot analysis. For loading control, expression of GAPDH was probed.
B: Densitometric analysis of A. Intensity of cleaved PARP-1 was normalised with the respective
GAPDH band intensity. Data here represents one of the two biological replicates.

Evidence supports the co-existence of autophagy with apoptosis in human keratinocytes
irradiated with UVB (Vitale et al., 2013). Autophagy provides an additive effect to drive a
larger fraction of irradiated cells to death. Thus, we measured the levels of autophagy by
probing for LC3B. The anti –LC3B antibody used recognizes both the cytoplasmic, LC3-I form
and the autophagosome associated, LC3-II form (~18 kDa and ~16 kDa, respectively). The
amount of LC3 II correlates with the extent of autophagosome formation (Kabeya et al., 2000).
A gradual increase in autophagy was noted over 24 h following exposure, in both control and
USP9X depleted HaCaT cells and cytoplasmic form showed a dramatic increase at 24 h (Figure
5.6). Thus, UVB irradiation seems to also induce autophagy in HaCaT cells. However, there
was no differential effect in USP9X depleted cells.
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Figure 5.6 Exposure to 200mJ/cm2 of UVB radiation induced autophagy. A: HaCaT cells were
treated with non-target (NT) and USP9X siRNAs for 24h and exposed to 200 mJ/cm2 of UVB
dose. Cell lysates were collected following irradiation and expression of LC3B (LC3I:
cytoplasmic component and LC3II: component associated with autophagosome) was
monitored by immunoblot assay. Β tubulin was used as the loading control. B: LC3I expression
was quantified by densitometry analysis. Intensity of LC3I bands were normalised against their
respective Β tubulin band intensities. C: LC3II expression was quantified by densitometry
analysis. Intensity of LC3II bands were normalised against their respective Β tubulin band
intensities.
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5.3.3 Depleted USP9X results in reduced MCL-1 expression
Pro-survival protein, MCL-1, is a known substrate of USP9X and is deubiquitylated and
stabilized by USP9X (Schwickart, M. et al., 2010). Expression of proteins like MCL-1 plays
an important role during DDR and cell fate decisions (Fujise et al., 2000). Thus, to determine
if the destabilization of MCL-1 due to USP9X loss correlated with the reduced viability of
irradiated USP9X knockdown cells, an immunoblot analysis was conducted to probe for MCL1 protein expression. Upon irradiation to 200mJ/cm2, MCL-1 levels decreased in both
populations over the following 8 h, after which the levels began to rise again (Figure 5.7). In
controls, MCL-1 expression rose by about 10 fold by 24 h, but in USP9X depleted cells there
was merely a 3 fold increase in MCL-1 expression at this time.
In contrast, exposure to 60 mJ/cm2 stimulated the expression of MCL-1 in HaCaT cells (Figure
5.8) explaining survival following exposure. However, the overall level of MCL-1 expression
was about 35% lower in USP9X knockdown cells.
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Figure 5.7 MCL-1 protein levels decreased following 200 mJ/cm2 UVB irradiation. A: HaCaT
cells were treated with non-target (NT) and USP9X specific siRNAs for 24 h and exposed to
200mJ/cm2 of UVB radiation. Protein lysates were collected following irradiation and
expression of MCL-1 was monitored with immunoblot analysis. β tubulin was used as the
loading control. B: Expression of MCL-1 was quantitated with densitometry analysis. Band
intensities of MCL-1 was normalised against the band intensities of β tubulin.
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Figure 5.8 Exposure to 60 mJ/cm2 of UVB radiation induced expression of MCL-1. A: HaCaT
cells were treated with non-target (NT) and USP9X siRNAs for 24 after which cells were
irradiated with 60 mJ/cm2 of UVB radiation. Protein lysates were collected from cells following
irradiation and expression of MCL-1 was monitored with immunoblot analysis. β tubulin was
used as the loading control. B: MCL-1 expression was quantitated with densitometry analysis.
Intensity of MCL-1 bands were normalised to intensity of β tubulin
bands.
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5.3.4 Exposure to 200mJ/cm2 of UVB activates ATM
DNA damage activated a number of phosphatidylinositol 3-kinase-related protein kinases
(PIKK), ATR or ATM or DNA-PK, which are selectively activated by various DNA damaging
agents (Shiloh, 2003). It is generally accepted that UV induced DNA photolesions mostly
activates ATR. Interestingly, upon exposure to 200mJ/cm2 UVB dose, phosphorylation of
ATR gradually decreased (Figure 5.9) indicating that perhaps, ATR is not the preferred kinase
when exposed to an erythemal UV dose. Instead, a gradual increase in
the activity of ATM was observed, which reached peak levels by 8 h (Figure 5.10). However,
USP9X knockdown showed ~2 fold decrease in phosphorylation levels of ATM compared to
the control cells.
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Figure 5.9 Exposure to 200 mJ/cm2 of UVB radiation suppressed the phosphorylation of ATR.
A: HaCaT cells treated with non-target (NT) or USP9X specific siRNAs for 24 h were exposed
to 200 mJ/cm2 UVB radiation. Proteins were extracted from cell lysates following exposure
and the expression levels of pATR were monitored in immunoblot analysis. Β tubulin was used
as the loading control. B: Levels of pATR was quantified by densitometry. Intensity of pATR
bands were normalised against the intensity of their respective β tubulin band intensities. Data
here represents one of the two biological experiments.

Figure 5.10 Exposure to 200mJ/cm2 UVB radiations induced the phosphorylation of ATM. A:
HaCaT cells treated with non-target (NT) or USP9X siRNAs were exposed to 200mJ/cm2 of
UVB radiation. Proteins were extracted from cell lysates harvested at different time points
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following irradiation and the levels of phospho ATM and the total ATM monitored by
immunoblot analysis. Vinculin was used as the endogenous control. B: Protein levels were
quantified by densitometric analysis of band intensities. Each, protein band intensity was
normalised against their respective loading control band intensities. Expression of pATM is
depicted as a fraction of total ATM levels. C: Expression of ATM was quantified by
densitometry. Band intensities of ATM was normalised against the respective vinculin band
intensities

Kinase activity was also monitored in cells exposed to 60 mJ/cm2 UVB radiation. ATR seems
to be preferred kinase in these cells as an increase in its activity was observed following
exposure (Figure 5.11A) and no activity of ATM was detected (data not shown). However,
only the control cells showed a gradual increase of pATR up to ~30% (within first 8 h) whereas,
in knockdown cells the expression remained approximately the same (Figure 5.11 A).
Interestingly, the ATR binding partner, ATRIP mirrored a similar trend. Upon exposure,
ATRIP expression gradually increased over 24 h by about 50% in control cells but in USP9X
knockdown cells, an increase was not evident and maintained at stable levels (Figure 5.11 B).
Single stranded binding protein, RPA32, which recruits ATRIP, was also monitored but no
difference was noted between control and the USP9X knockdown cells (Figure 5.12).
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Figure 5.11 Exposure to 60mJ/cm2 of UVB radiation led to the phosphorylation of ATR. HaCaT
cells treated with non-target (NT) or USP9X siRNAs were exposed to 60 mJ/cm2 UVB radiation.
Protein was extracted from cell lysates harvested at different time points following irradiation.
A: Expression of pATR was monitored by immunoblot analysis. β tubulin was
used as the loading control. B: Expression of ATRIP was also monitored with immunoblot
analysis. GAPDH was used as the loading control. C: Densitometric quantification of A. Band
intensities of pATR was normalised against band intensities of β tubulin. D: Densitometric
quantification of ATRIP. Band intensities of ATRIP was normalised against band intensities of
GAPDH.
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Figure 5.12 Loss of USP9X does not affect RPA32 protein in HaCaT keratinocytes. HaCaT
cells treated with non-target (NT) or USP9X siRNAs for 24 h were exposed to 60 mJ/cm2 UVB
radiations and proteins were extracted from cell lysates collected at different time points
following irradiation. Expression of single strand binding protein, RPA32 was monitored with
immunoblot analysis. Β tubulin was used as the endogenous control.B:
Densitometric quantification of A. Band intensities of RPA32 was normalised against band
intensities of β tubulin.
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5.3.5 Rate of H2A.X phosphorylation following irradiation decreases in absence of USP9X
Activated PIKKs phosphorylate a number of proteins related to DDR and histone H2AX is one
such key substrate. Phosphorylation of H2AX on serine 139 (γH2AX) is an important early
event of DDR and is often used to quantitate DNA double stranded breaks (Rogakou et al.,
1998; Mah et al., 2010). Since a defect in ATM activity was noted in the absence of USP9X,
its downstream target H2AX was monitored with an immunoblot analysis. γH2AX levels were
monitored in relation to total H2AX levels, which fluctuated following irradiation. Prior to
irradiation, at time 0, there was no difference in total H2AX levels between control (NT) and
USP9X siRNA treated cells (Figure 5.13A, C). Upon exposure, total H2AX levels decreased
initially and then were gradually restored (Figure 5.13C).
A gradual increase in H2AX phosphorylation was observed following irradiation and reached
its peak levels at 8-12 h (Figure 5.13 A). In control HaCaT cells, γH2AX was evident from 2
h onwards, but in USP9X depleted cells the expression was evident only at 4 h post irradiation.
Within the first 12 h following UVB exposure, there was not just a delay in phosphorylation of
H2AX in USP9X knockdown cells but the expression levels were about three times lower than
the control cells (Figure 5.13 B).
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Figure 5.13 Following exposure to 200mJ/cm2 of UVB, a delay and a reduction in
phosphorylation of H2AX occurred in USP9X depleted cells. A: HaCaT cells were treated with
non-target (NT) and USP9X specific siRNAs for 24 h and then exposed to 200 mJ/cm2 of UVB
radiation. Proteins were extracted from cell lysates following irradiation and the level of
γH2AX and H2AX was monitored with immunoblot analysis. Β tubulin was used as the loading
control.* this band was not included in densitometric analyses due to high background
luminescence B: Protein levels were quantified by densitometric analysis of band intensities.
Each, protein band intensity was normalised against their respective loading control band
intensity. And the expression of γH2AX is depicted as a fraction of total H2AX levels. C:
Expression of H2AX was quantitated by normalising the intensity of H2AX bands against their
respective β tubulin band intensities. Data of γH2AX expression following irradiation
represents one of the three biological experiments.
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Intriguingly, a similar delay in phosphorylation of H2AX was noted in USP9X knockdown
cells exposed to 60 mJ/cm2 UVB radiation (Figure 5.14 A, B). Within the first 2 h following
exposure, controls showed a 60% increase but the knockdown cells showed only a 20%
increase. However, no difference in peak γH2AX levels was observed between control and
USP9X knockdown cells (Figure 5.14 A,C).

Figure 5.14 Following exposure to 60mJ/cm2 of UVB, a delay in phosphorylation of H2AX was
noted in USP9X depleted cells. A: HaCaT cells were treated with non-target (NT) and USP9X
specific siRNAs for 24 h and then exposed to 60mJ/cm2 of UVB radiation. Proteins were
extracted from cell lysates following irradiation and the level of γH2AX and H2AX was
monitored with immunoblot analysis. Β tubulin was used as the loading control. B: Protein
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levels were quantified by densitometric analysis of band intensities. Each, protein band
intensity was normalised against their respective loading control band intensity and the
expression of γH2AX is depicted as a fraction of total H2AX levels. C: Expression of H2AX
was quantitated by normalising the intensity of H2AX bands against their respective β tubulin
band intensities.

5.3.6 USP9X knockdown possibly promotes G2/M arrest
One of the main functions of γ H2AX following DNA damage is G2/M checkpoint activation
(Fernandez-Capetillo et al., 2002; Fragkos et al., 2009). Since a great reduction in γ H2AX was
noted in knockdown cells following exposure to 200mJ/cm2, it may be possible that a defective
cell cycle arrest lead to an incomplete repair and cell death. Cell cycle distribution analysis
showed that even in absence of irradiation, a small decrease in G2/M and a
corresponding increase in G0/G1 was noted in USP9X depleted cells (Figure 5.15 A).
Following exposure to 200mJ/cm2 of UVB radiation, a significant population of USP9X
depleted cells was found in G2/M phase (Figure 5.15 A).
Phosphorylation of cdc25c at S216 by Chk1/2 kinases is an event leading to G2/M arrest,
especially following DNA damage (Hoffmann, Ingrid, 2000). A two-fold increase in pcdc25c
(Ser216) levels was observed in USP9X knockdown cells pre and post irradiation (Figure 5.15)
indicating a DNA damage independent, high pcdc25c expression in USP9X depleted cells.
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Figure 5.15 Cells with depleted USP9X, exposed to 200mJ/cm2 of UVB radiation displayed
altered cell cycle distribution. A: HaCaT cells treated with non-target (NT) and USP9X siRNAs
for 24h were exposed to 200mJ/cm2 of UVB radiation. After 16 h, cells were harvested, fixed,
stained with PI and analysed with flow cytometry. Higher percentage of knockdown cells was
found in G2/M phase. . Error bars are the mean± S.D. p value: * ≤ 0.05; ** ≤ 0.001; *** ≤
0.000 (student t-test). B: Cells treated with siRNAs were exposed to
200mJ/cm2 of UVB radiation. Proteins were collected from cell lysates collected at different
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time points following irradiation and expression of p-cdc25c was monitored with immunoblot
analysis. GAPDH was used as the loading control C: Densitometric analysis of B. Band
intensity of p-cdc25c was normalised against the respective band intensities of GAPDH.

5.4 Discussion
The data presented in this study describes the role of USP9X in cell viability and repair of skin
keratinocytes following DNA damage.
Irradiation with UV induces DNA photolesions such as, cyclobutane pyrimidine dimer (CPD)
and 6-4 pyrimidine photoproducts (6-4 PP). The nucleotide excision repair (NER) pathway is
an evolutionary conserved pathway that eliminates these lesions (Hanawalt, 2002). The UV
induced lesions cause replication stress in cells as DNA polymerases cannot slide past them,
resulting in stalled replication forks (Rudolph et al., 2007). Several PIKKs are activated within
cells in response to various assaults on DNA and conventionally, ATR is activated in
response to replication stress, whereas ATM and DNA-PKcs are activated due to double strand
breaks (DSB) (Shiloh, 2003). Exposure to 60mJ/cm2 of UVB radiation activated ATR in
HaCaT cells as shown by immunoblot analysis. In contrast, exposures to 200mJ/cm2 of UVB,
which is equivalent to 1 MED, decreased the constitutive level of phosphorylated ATR within
two hours following exposure. This decrease overlapped with the activation of ATM, which
showed nearly five-fold increase at two hours post irradiation. Involvement of ATM in UV
induced DNA damage is not unforeseen, as a growing body of evidence suggests PIKKs have
overlapping roles in the resolution of different types of DNA damage (Yajima et al., 2009).
Though UV radiation does not cause DSB directly, collapse of unresolved stalled replication
forks leads to DSBs (Garinis et al., 2005). Recent reports showed that following
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UV radiation, DSBs can also be formed independent of replication and as a by-product of the
NER repair mechanism (Wakasugi et al., 2014). However, immunoblot analysis failed to detect
any ATM activity at 60 mJ/cm2 of UVB radiation (data not shown) indicating that DSBs, which
are secondary lesions of UV damage are mostly caused in keratinocytes when exposed to an
erythemal UV dose.
Interestingly, the depletion of USP9X resulted in about a two-fold decrease in the
activity/phosphorylation of ATM compared to the control cells. However, a change in total
ATM levels was not observed in USP9X knockdown cells, which suggests that the USP9X
plays a role during the activation of ATM following DSBs. The ATM activity contributes to a
number of downstream UV-induced S/TQ phosphorylation events. The histone H2AX is one
such critical substrate, which has a conserved SQ motif (Rogakou et al., 1998; Rogakou et al.,
1999). Consistent with the decrease in ATM activity upon depletion of USP9X, a three- fold
decrease was observed in phosphorylated H2AX levels in knockdown cells. Phosphorylation
of H2AX also occurs in cells undergoing apoptosis at the double strand breaks caused due to
DNA fragmentation (Rogakou et al., 2000). γH2AX reached peak within 8-12 h of exposure,
when expression of the apoptotic marker, cleaved PARP-1 was observed. However, since no
difference in cleaved-PARP-1 expression was noted between the control and the USP9X
knockdown cells, the decrease in overall γH2AX expression of knockdown cells seems to be a
direct consequence of alterations in ATR expression.
The consequences of depleting USP9X levels was not limited to the activity of ATM but also
extended to the activity of ATR. This study did not investigate DNA-PK, but it is worth
pursuing, to determine if USP9X ubiquitously regulates PIKKs during DNA damage. USP9X
depleted cells failed to activate ATR upon UV exposure. However, this defect only caused an
initial delay but not a reduction in phosphorylation levels of H2AX. Unlike pATM, the basal
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pATR levels in HaCaT cells were high and the exposure to 60 mJ/cm2 UV radiation, only
elevated the levels by about 30%. Possibly in this case, basal ATR levels in USP9X knockdown
cells were sufficient to drive its downstream phosphorylation events following DNA damage.
Interestingly, similar deregulation of the ATR binding partner, ATRIP, suggests that USP9X
could in fact act upstream of phosphorylation of PIKKs. USP9X deubiquitylates and stabilizes
several kinases such as ASK1, NUAK1, MARK4 and DLK (Al-Hakim et al., 2008; Nagai et
al., 2009; Huntwork-Rodriguez et al., 2013), and further investigations are necessary to
determine if it has a similar interaction with the PIKKs.
The cells lacking functional ATM kinases are found to be sensitive to both IR and UV radiation
(Hannan et al., 2002). Possibly as a result of the deregulation of ATM activity in absence of
USP9X, the knockdown cells were found to be highly sensitive to UVB irradiation. The
functional role of USP9X in DNA damage induced apoptosis is well documented. The antiapoptotic/pro-survival protein MCL-1 is deubiquitylated and stabilized by USP9X
(Schwickart, M. et al., 2010). Gamma irradiation of multiple myeloma cells lines upregulated
USP9X expression, which then stabilized MCL-1 for an anti-apoptotic response (Schwickart,
M. et al., 2010; Trivigno et al., 2012). Following exposure to 200 mJ/cm2 of UVB radiation, a
dramatic decrease in MCL-1 was observed in both controls and USP9X knockdown
keratinocytes over the first 8 hours. By 8 h, expression of apoptotic markers was evident
indicating the drift towards cell death and continued to be expressed even though MCL-1 levels
began to rise. By 24 h, control cells had completely recovered MCL-1 levels but not the
knockdown cells. However, this decrease was not reflected in the expression of apoptotic
protein, cleaved PARP-1, as no difference was observed in its expression in knockdown cells.
One possibility is that necrosis, not apoptosis, is the preferred mode of death in cells exposed
to a high UV radiation (Mammone et al., 2000). Post 16 h of exposure, nearly 80% of the dead
cells stained both Annexin v and PI, indicating that they were either
121

late apoptotic and/or necrotic and depletion of USP9X increased this population significantly.
Considering the immunoblot analysis of expression of MCL-1, cleaved PARP-1 and the flow
cytometric analysis of Annexin-v/PI stained cells, it may be deduced that cells exposed to
200mJ/cm2 of UVB radiation mostly undergo necrosis.
In contrast, HaCaT cells exposed to 60mJ/cm2 showed a pro-survival DDR. Prior exposure, a
deficiency of MCL-1 level was not observed in the knockdown cells, but following exposure,
the induction of MCL-1 was about 50% lower than the controls, indicating that USP9X is
essential for MCL-1 regulation in a DNA damage dependent manner. Whether DNA damage
regulates USP9X status at a transcriptional level in keratinocytes, as observed in gamma
irradiated multiple myeloma cells, requires further investigation (Trivigno et al., 2012).
The attempt to determine the contribution of defective cell cycle checkpoints to the increased
sensitivity to UV damage was inconclusive. γH2AX plays an important role in checkpoint
activation, especially the G2-M checkpoint during DNA damage (Fernandez-Capetillo et al.,
2002; Fragkos et al., 2009; Huen and Chen, 2010). Even though higher percentage of USP9X
knockdown cells in G2/M phase possibly indicated defective G2/M and a rapid entry to mitosis,
immunoblot analysis of the critical G2/M checkpoint marker, pcdc25c showed two- fold
increase in its expression compared to the control cells and thus suggested otherwise. However,
this increment was evident prior exposure to UV radiation, implying a defect in the basal
expression of pcdcp25c in absence of USP9X. Further investigation is necessary with other
checkpoint molecular markers and additional cell cycle analyses to draw a concrete conclusion
of the importance of USP9X in checkpoint activation following DNA damage.
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Chapter 6
The role of USP9X during UVB induced DNA damage in vivo

6.1 Introduction
Conditional tissue-specific modulation of genes using Cre/loxP recombination in genetically
engineered mice has immensely helped the detailed study of specific gene function (Gu et al.,
1993; Gu et al., 1994). Cre can be engineered to not only operate in a tissue specific way but
also in a temporal manner (Feil et al., 1996; Brocard et al., 1997). For an example, Cre protein
can be fused to a mutated ligand-binding domain of the estrogen receptor that selectively binds
17-β-estradiol analogs, such as tamoxifen, but not endogenous estrogen (Feil et al., 1996;
Brocard et al., 1997). This CreER fusion protein is normally present in the cytoplasm, but
translocates to the nucleus, to induce gene excision, upon ligand addition.
The role of USP9X in keratinocyte transformation was first reported, somewhat
serendipitously, in one such conditional gene knockout mouse model (Perez-Mancera et al.,
2012). The study investigated the role of USP9X in pancreatic cancer using Pdx1-Cre mice, in
which Cre-recombinase is expressed under the Pdx1 promotor. Pdx1 is a transcription factor,
which directs pancreatic cell formation, maintenance and function and is expressed in early
pancreatic precursor cells (Ohlsson et al., 1993; Jonsson et al., 1994). Deletion of
Usp9x in association with activation of KrasG12D indeed led to the generation of pancreatic
ductal adenocarcinomas (Perez-Mancera et al., 2012). However, in addition, the mice also
developed massive skin papilloma. This was the result of low level activity of Pdx1 in suprabasal keratinocytes (Mazur, Pawel K. et al., 2010), leading to cre-expression and the
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subsequent activation of KrasG12D and the deletion of Usp9x, implying a role for the latter in
keratinocyte transformation.
UV induced DNA damage is a critical player in skin transformation. This study was formulated
to investigate if Usp9x has a role during UV induced DNA damage. For this purpose,
spatiotemporal gene modulatory mice were generated as mentioned above to specifically
knockout Usp9x within mouse epidermis.

6.2 Methods
6.2.1 Inducible in vivo model
K14-CreER

tam

mice were interbred with Usp9xloxP mice (Stegeman et al., 2013) to generate

Usp9xfl/+ ; K14-creERtam and Usp9xfl/y ; K14-creERtam mice at the lab of A/Prof. Kiarash
Khosrotehrani at Centre for Clinical Research, University of Queensland. Keratin 14 (K14)
promoter is particularly useful in targeting the expression of transgenes to the mitotically active
basal layer of mouse epidermis (Vassar et al., 1989). Cre-recombinase activity was
inducted by intra-peritoneal administration of 1 mg/ml Tamoxifen dissolved in corn oil, once
a day for 5 consecutive days (Vasioukhin et al., 1999).
6.2.2 UV irradiation of mice
Hair was cleared from the skin of the mice either by shaving or by applying depilatory creams.
Three days after the last tamoxifen injection, animals were exposed to a single dose of 280
mJ/cm2 UVB (280-315 nm) radiation (3.5 min of 80 mJ/cm2/min radiation) and 24 h later skin
tissues were harvested.
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Figure 6.1 Experimental layout depicting the numbers of experimental mice. Only male mice
were used for the experiment as they were hemizygous for floxed Usp9x expression. Both
tamoxifen induced (+tam) and non-induced (-tam) mice were either exposed (UVB) or not
exposed (non UVB) to UVB radiation. Numbers of mice per category are depicted in the
coloured boxes.

6.2.3 Genotyping Usp9x exon 3 status
DNA was extracted from mice ear notches using REDExtract-N-Amp Tissue PCR kit (SigmaAldrich, Missouri, USA) as per the manufacturer’s protocol. The successful excision of exon
3 of Usp9x upon tamoxifen injections was determined by conducting a touch down PCR
according to the following cycling conditions,
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Primers used are listed in the table 6.1. No excision of exon 3 should produce a band of 505
bp whereas, excision should result in a band of 207 bp.

Table 6.1 Sequence of the primers used

Primer

Sequence (5'-3')

Usp9x-Delta-Forward

GCTCCCATTAGGTTGTTAG

Usp9x-Delta-Reverse

TAGACCCATCATGAACCATG

Usp9x Exon Reverse

AAGTCAGTGTGTGGAAATGC
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6.2.4 Immunohistochemistry staining
Paraffin embedded skin tissue sections were prepared at the Histology Facility of Translational
Research Institute, Brisbane. Paraffin slides were heated to 65 ˚C for 30 min and deparaffinised
in three changes of xylene for 5 min each. Rehydration was carried out by treating the slides in
100%, 90%, 70%, 50%, 25% ethanol series and 1 X PBS successively for 5 min each. Sections
were blocked in PBS containing 0.2% Tween 20 and 1% BSA for 1 h at room temperature. The
primary antibodies diluted in PBS with 0.2% Tween 20 and 0.2% BSA were incubated over
night at 4 ˚C. After three washes in PBS with 0.2% Tween 20, the secondary antibodies were
added and incubated for 1 h at room temperature. For certain antibodies biotin-streptavidin
system was used to augment the signal. The sections were washed as above and coverslips were
mounted with Anti-Fade Gold DAPI solution (Thermofisher Scientific, Massachusetts, USA).
Images were captured at 20x magnification using a confocal microscope (Olympus, Tokyo,
Japan).
All the antibodies are listed in the Table 6.2.
Table 6.2 Antibodies used for immunohistochemistry

Antibody

Company

Rabbit anti-USP9X

Bethyl

Working dilution
Laboratories,

1:250

Technology,

1:50

Montgomery, USA
Rabbit anti-p53

Cell

Signalling

Massachusetts, USA
Rabbit anti-Ki67

Abcam, Cambridge, UK
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1:50

Anti-rabbit 488

Thermo

Fisher

Scientific,

1:400

Massachusetts, USA
Anti-rabbit biotin

Sigma-Aldrich, Missouri, USA

1:200

Streptavidin 488

Sigma-Aldrich, Missouri, USA

1:400

6.2.5 Image quantification
Images captured from the immunostained slides were quantified using Image J software
(Jensen, 2013). Epidermal areas were manually (Figure 6.2) selected and the intensity of each
marker per unit2 was calculated. A single field was analysed per slide and the analyses were
non-blinded.

Figure 6.2 Intensities of markers were quantified using image J. Immunostained slides were
captured at 20x magnification using a confocal microscope. Stained area above the white
dotted line is the epidermis of the mouse skin. A section of the epidermis was manually selected
and intensity per unit2 was calculated using Image J software.
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6.3 Results
6.3.1 Excision of Usp9x exon
A touch down PCR was conducted on the DNA extracted from skin tissues, which constituted
both dermis and epidermis, and the amplified products were resolved on a 1% agarose gel. The
tamoxifen non-injected (-Tam) mice produced as single band of around 500bp corresponding
to non-excised Usp9x. On the other hand all the nine tamoxifen-injected (+Tam) mice produced
a band of around 200bp corresponding to the excised Usp9x in addition to the 500bp band
(Figure 6.2). The lower bp band is less intense than the upper bp band as the skin tissue used
for DNA extraction would contain more of dermal tissue than epidermal tissue.

Figure 6.3 Tamoxifen induction excised the Usp9x exon 3. The non-induced mice (non K/O)
and the induced mice (K/O) were exposed to 280 mJ/cm2 UVB and 24 h later, the skin tissues
were harvested. DNA was extracted from the tissues and 2μl of DNA was run on a 1% agarose
gel containing ethidium bromide to separate the DNA. The non-induced mice
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showed a ~500bp band whereas the induced mice showed an additional ~200bp band
corresponding to successful excision.

6.3.2 Immunohistochemistry failed to show a clear decrease in Usp9x
The PCR analysis suggested that K14-CreER system has deleted the Usp9x exon 3 from
epidermal cells as expected (Vasioukhin et al., 1999). Therefore, tissues sections were stained
with anti-Usp9x antibody to confirm depletion of Usp9x protein. Surprisingly however, the
intensity of Usp9x staining in the epidermis was no different from controls (Figure 6.3) in the
Usp9x “knockout” mice (i.e. tamoxifen treated and showing 207bp band in PCR analysis).
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Figure 6.4 Cre-recombinase conditional knockout of Usp9x in basal layer of epidermis did
not reduce epidermal Usp9x protein expression. Cre-recombinase activation was done with
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intra-peritoneal administration of tamoxifen for 5 consecutive days. Three days later the noninduced (-Tam) and the tamoxifen induced mice (+Tam) were mock irradiated (non-UVB) or
irradiated with 280mJ/cm2 of UVB (UVB) and skin tissues were harvested 24 h later. The
tissues were paraffin embedded and sectioned and first the expression of Usp9x was determined
by immunostaining.

Figure 6.5 Usp9x protein expression level is unaltered upon tamoxifen induction. Figure 6.3
was quantified with ImageJ software as described in section 6.2.5. Error bars are the mean±
S.D. p value calculated from Students’s t-test.
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6.3.3 p53 expression reduced upon irradiation
In addition to staining for Usp9x, serial sections were stained for markers for cell proliferation
and viability. p53 is a tumour-suppressor gene and serves an important role by stimulating cell
cycle arrest, apoptosis and DNA repair (Pucci et al., 2000; Liu, Y. and Kulesz-Martin, 2001).
Its importance in the development of UV-induced skin tumours such

as BCC is well

documented (Nakazawa et al., 1994; Ouhtit et al., 1998). Thus, the levels of p53 were
investigated in irradiated mouse epidermis. Unexpectedly, the exposure to UVB radiation
decreased the p53 expression. However, no difference in p53 expression was observed in the
samples taken from tamoxifen treated or non-treated mice.

133

134

Figure 6.6 UVB exposure reduced the p53 expression within epidermis. Intra-peritoneal
injections of tamoxifen were administered for 5 consecutive days. Three days later the noninduced (-Tam) and the tamoxifen induced mice (+Tam) were mock irradiated (non-UVB) or
irradiated with 280mJ/cm2 of UVB (UVB), and skin tissues were harvested 24 h later. The
tissues were paraffin embedded, sectioned and the expression of p53 was determined by
immunostaining.

Figure 6.7 p53 protein expression decreased upon exposure to UV radiation. Figure 6.5 was
quantified with ImageJ software as mentioned in the section 6.2.5. Error bars are the mean±
S.D. p value: * <0.05 (student’s t-test)
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6.3.4 Ki67 expression decreased on exposure to UVB
Ki67 antigen is a high molecular weight non-histone protein and the most reliable marker of
proliferating cells. Ki67 expression is detected in all stages of the cell cycle (G1,S, G2 and
M) but not in quiescence (G0 phase) (van Dierendonck et al., 1989). Exposure to UV radiation
often leads to epidermal hyperplasia due to hyperproliferative cells (Ouhtit et al., 1998).
Interestingly, a decrease in Ki67 expression was observed 24 h after irradiation (Figure 6.7).
Though not significant, the UV-dependent decrease in Ki67 was greater in tamoxifen treated
mice than the controls.
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Figure 6.8 Ki67 expression reduced upon exposure to UV radiation. Cre-recombinase
activation was done with intra-peritoneal administration of tamoxifen for 5 consecutive days.
Three days later the non-induced (-Tam) and the tamoxifen induced mice (+Tam) were mock
irradiated (non-UVB) or irradiated with 280mJ/cm2 of UVB (UVB) and skin tissues were
harvested 24 h later. The tissues were paraffin embedded and sectioned and expression of
Ki67 was determined by immunostaining.

Figure 6.9 Ki67 protein expression decreases upon exposure to UV radiation. Figure 6.5 was
quantified with ImageJ software as mentioned in section 6.2.5. Error bars are the mean± S.D
.p value: ** ≤0.001 (student’s t-test)
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6.4 Discussion
The aim of this study was to examine the role of Usp9x during DNA damage in an in-vivo
system. However, the inducible, conditional mouse model used, failed to display a reduction
of Usp9x protein expression in epidermis following five days of tamoxifen induction. The
tamoxifen dependent Cre-ER recombinase under the control of the human keratin 14 (K14)promotor can efficiently excise LoxP flanked (floxed) DNA segments (in this study, Usp9x) in
basal keratinocytes (Indra et al., 2000). In addition, tamoxifen induction (1mg/day) for 5
consecutive days has been reported to result in effective activation of Cre recombinase within
stratified epithelia (Vasioukhin et al., 1999). Likewise the detection of a PCR band around
200bp (Figure 6.2) was consistent with the excision of floxed Usp9x. Why the apparent
genomic excision failed to result in a decrease in Usp9x protein expression is unclear. Cremediated deletion of Usp9x exon 3 from the brain (Stegeman et al., 2013; Homan et al., 2014)
and pancreas (Perez-Mancera et al., 2012) using this strain of floxed Usp9x mice resulted in a
loss or marked reduction of Usp9x protein. Possible explanations of the failure to detect
decreased Usp9x protein in the skin, despite evidence of Usp9x exon 3 deletion, include
insufficient time between induction and harvesting of tissue. Though tamoxifen induction for
five days activated Cre recombinase, and loss of exon 3, a longer induction may be needed to
affect the protein expression of the entire epidermis, if the half-life of the Usp9x protein is
unusually long in these cells. Loss of Usp9x protein occurs within 48 to 72h in other in vivo
(Stegeman et al., 2013) and in vitro (S.Wood, unpublished data) systems. Alternate splicing of
Usp9x may also occur in these cells. Although, deletion of exon 3 removes 49 amino acids and
results in a frame shift, it is possible that a truncated Usp9x proteins may be generated. As the
Usp9x antibodies used, target C terminus of the protein, we cannot exclude the possibility that
translation is initiated downstream of exon 3 in keratinocytes.
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During DNA damage and other stresses, the amount of p53 is increased due to inhibition of its
degradation (Lakin and Jackson, 1999). In contrast, in this study a reduction in total p53 levels
was observed 24 h after UVB exposure and the staining was mostly within the cytoplasm. In a
similar study, maximum induction of p53 occurred 12 h after exposure to 250 mJ/cm2 of UV
dose (290-400 nm) and reached basal levels at 72 h (Ouhtit et al., 1998). It is possible that
staining with specific antibodies for phosphorylated forms of p53, such p-p53 (Ser 15) or pp53 (Ser 20) would have been more appropriate to investigate the p53 following irradiation. A
similar decrease in expression was also observed with marker for cells in active cell
proliferation, Ki67. DNA damage results in checkpoint activation and cell cycle arrest till the
repair is complete, thus it is unlikely that cells exited cell cycle following exposure (Pellegata
et al., 1996; Yanagida et al., 2012). Higher numbers of cell death post irradiation could be the
cause for the reduced number of Ki67 stained cells 24 h after irradiation and tamoxifen injected
mice seem to be more susceptible to cell death upon DNA damage.
However, no conclusions can be drawn from this study until the inducible deletion of Usp9x
protein from the skin is optimised. In the first instance, this should entail altering the duration
of induction to see if a complete depletion of the target protein within the epidermis can be
achieved, before further experimental investigations.
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Chapter 7
General discussion and future directions

This study provides evidence for a functional role of the deubiquitylating enzyme, USP9X, in
the proliferation viability and morphology of squamous cell epithelia. Data also revealed
USP9X’s role in the regulation of the Notch and mTOR pathways, in addition to the regulation
of critical kinases of DNA damage response.
DUB inhibitors have emerged as potential cancer therapeutics during the past decade. Small
molecule DUB inhibitors such as P5091 and WP1130 are considered to have therapeutic value
because of their pro-apoptotic properties (Kapuria et al., 2010; Chauhan et al., 2012). P5091,
a USP7 inhibitor, was found to induce apoptosis in Bortezomid resistant multiple myeloma
cells (Chauhan et al., 2012). WP1130 inhibits several DUBs including USP9X, USP5 and
USP14 and was found to increase doxorubicin sensitivity in hepatocellular carcinoma cells
through USP9X-dependent p53 degradation (Liu, H. et al., 2015). Also, inhibitors to USP9X
and USP24 such as WP1130 and G9 have shown therapeutic activity in myeloma (Peterson et
al., 2015). However, care should be taken when implementing inhibitors targeting proteins like
USP9X which display bimodal, context specific roles. Data presented here supports a context
dependent role for USP9X, specifically in regulating the cellular proliferation of squamous
epithelia. In head and neck tumour cell lines, we determined that USP9X promoted
proliferation but in non-tumourigenic skin keratinocytes, it suppressed the proliferation. This
is especially relevant in epithelial cancers, where field cancerization prevails and several cancer
initiating cells are scattered throughout the primary tumour (Slaughter et al., 1953; Dotto,
2014). In this situation, inhibiting DUBs like USP9X
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could be detrimental to tumour cells and its loss in cancer initiating cells could expedite
secondary tumour formation.
Future studies should focus on identifying the exact molecular mechanism through which
USP9X regulates the proliferation of head and neck cancer cells. Our data showed a dramatic
effect of USP9X on both total S6 and its phosphorylated form, at least in the cell line
investigated. Decrease in total S6 could be due to suppression of rRNA transcription, which
usually occurs immediately after the onset of endoplasmic reticulum (ER) stress (DuRose et
al., 2009). Several reports have emerged in the recent past linking loss of USP9X to ER stress
(Yan, J. et al., 2014; Cui et al., 2015). Hence, whether loss of USP9X causes ER stress in head
and neck tumour cells should be investigated. ER stress activates a set of signalling pathways
termed the Unfolded Protein Response (UPS)(Ron and Walter, 2007),which is a complex
cellular response initially mediated by three molecules, PKR-like ER kinase (PERK), activated
transcription factor 6 (ATF6), and Inositol-requiring enzyme 1 (IRE1)(Schröder and Kaufman,
2005). Activated IRE1 has an unusual effector function, which causes the unconventional
splicing of mRNA that encodes a transcription factor names XBP1 (Calfon et al., 2002). XBP1
encoded by this spliced mRNA is more stable and ER stress could be determined by monitoring
its levels through qRTPCR , western blotting or immunostaining techniques (Samali et al.,
2010).
The effect of ectopic expression of USP9X on mTORC1 activity should also be determined
through immunoblot assays. If ectopic expression of USP9X leads to an upregulation of
mTORC1, when its depletion led to a downregulation, then USP9X could be confirmed as a
positive regulator of mTOR in head and neck tumour cells. This would be contradictory to its
reported negative regulation of mTOR signalling within C2C12 myoblasts (Agrawal, P. et al.,
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2012). Immunoprecipitation experiments need to be conducted to determine precisely how
USP9X interacts with components of the mTOR pathway within epithelial cells.
A direct relationship between USP9X and the Notch pathway was also established in these
tumour cells. The Notch pathway plays a key role in epithelial tumourigenesis, especially
during epithelial mesenchymal transition (Wang, Zhiwei et al., 2010; Reichrath and Reichrath,
2012; Sun et al., 2014). Whether USP9X contributes to cell invasion and metastasis in head
and neck cancer through its regulation of Notch activity should also be examined. To this end,
“scratch assays” can be conducted to monitor cell motility and “Transwell invasion assays” to
monitor invasive capabilities of these cells in absence/overexpression of USP9X.
This study reiterates the importance of USP9X for cell survival during DNA damage. Several
studies have previously demonstrated that the absence of USP9X renders cells sensitive to
genotoxic assaults. USP9X depletion in radioresistant multiple myeloma cell lines and nonsmall cell lung cancer induced apoptosis in them upon exposure to ionizing radiation (Trivigno
et al., 2012; Kushwaha et al., 2015) whereas, genetic disruption of USP9X sensitized colorectal
cancer cells to 5-fluorouracil (Harris et al., 2012). Similarly, here we report that depletion of
USP9X reduced the cell viability of skin keratinocytes exposed to an erythemal dose of UVB
radiation. However, this is the first report of a defect in DNA damage induced kinase activities
in the absence of USP9X. A defect was not only seen in ATM but also in ATR activation.
Interestingly, depletion of USP9X affected the expression of ATR- interacting protein, ATRIP.
RPA proteins bound to ssDNA recruits ATRIP, which then bind to ATR and recruits it to the
damage site (Zou and Elledge, 2003; Namiki and Zou, 2006). ATR is catalytically activated by
TopBP1, which binds directly to ATR-ATRIP complex with its activation domain. Hence,
USP9X seems to be essential not just for the
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phosphorylation of the ATR but also for the stability of other repair components. Immunoblot
assays could be done to determine the effect of USP9X status on other repair components such
as TopBP1, 9-1-1 complex. Similarly, repair proteins upstream of phosphorylated ATM such
as MRN complex with core proteins Mre11, Rad50 and Nbs1, should be monitored (Uziel et
al., 2003; Arthur et al., 2004). Immunoprecipitation assays can also be conducted with
irradiated cells to identifying repair proteins directly interacting with USP9X.
Defects in PIKKs directly affect their downstream phosphorylation events such as
phosphorylation of H2AX and result in inefficient DNA damage repair. For instance,
phosphorylated H2AX is a critical protein for checkpoint activation following DNA damage
and was found to be defective in the absence of USP9X (Fernandez-Capetillo et al., 2002;
Fragkos et al., 2009). Though, we were unable to consolidate that depleted H2AX levels
resulted in a defective cell cycle arrest in skin keratinocytes and eventually led them to death,
we observed cell cycle alterations, which suggested the latter. In future, more cell cycle analysis
should be conducted possibly along with BrdU labelling. Checkpoint proteins such as chk2,
cdc25A, cyclin B and cdc2 levels could be analysed by immunoblotting.
Information on a nuclear role for USP9X is minimal. Our data, especially with reference to
MCL-1 regulation, suggest that USP9X could be playing a DNA damage specific role in the
cells. Attempts should be made to monitor if more nuclear translocation of USP9X protein
occurs following DNA damage. Following irradiation, nuclear and cytoplasmic components
could be separated and the levels of USP9X proteins could be monitored via immunoblot
assays. Additionally, qRTPCR analysis could assist to determine if a transcriptional
upregulation of USP9X occurs following DNA damage. USP9X during DNA damage,
especially in DNA double strand break repair, could be of importance for the therapeutic
outcome of radiotherapy. Thus, this study unveils another potential mechanism through
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which USP9X could affect the viability of DNA damaged cells and with further studies could
be manipulated for a better therapeutic outcome in cancer.
In conclusion, this study disproves the tested hypothesis that deubiquitylating enzyme, USP9X,
acts as a tumour suppressor in squamous cell carcinoma but demonstrates its pleiotropic
functional and molecular activities in squamous epithelia.
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Abstract
Objectives: Truncating mutations in USP9X have been identified in oral squamous cell
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carcinoma patients. The aim of this study was to determine USP9X’s functional role, if
any, in head and neck cancer cells.
Materials and methods: USP9X was depleted/overexpressed in head and neck cancer cell
line: SCC15 (tongue), CAL27 (tongue), FaDu (pharynx) and Detroit 562 (pharynx). Cell proliferation was monitored using the CyQUANT assay, and cell cycle distribution was determined by flow cytometry. Immunoblot assays were conducted to assess protein levels.
RT-qPCR was performed to determine Notch and Wnt pathway target gene expression.
Results: Our data showed a direct correlation between USP9X protein levels and proliferation, as well as Notch pathway activity in head and neck cancer cells. However,
at least in FaDu, USP9X did not appear to regulate proliferation through the Notch
pathway. Immunoblotting revealed a dramatic reduction in downstream targets of
mTOR complex 1, namely total ribosomal protein (S6) and its phosphorylated form
(pS6), when USP9X was depleted in FaDu cells. In contrast, in immortalized but nontumorigenic HaCaT keratinocytes, USP9X depletion led to increase in cell proliferation, maintaining direct regulation of Notch activity.
Conclusions: The functional role of USP9X was found to be context dependent. USP9X
possibly promotes head and neck cancer cell proliferation through the mTOR pathway.

1 |

other mechanisms have often inactivated its function.3 EGFR overex-

INTRODUCTION

pression is common in all head and neck cancers,6 and it activates a
Head and neck cancer is the sixth most common cancer in world and

network of downstream signalling pathways promoting tumour prolif-

arises in lip, nasal cavity, paranasal sinuses, pharynx and larynx. Five-

eration, invasion, metastasis and apoptosis resistance, such as phos-

year survival rate after diagnosis is relatively poor and is about 65%,

phoinositide 3-kinase (PI3K)/Akt and Ras/Raf/ERK1/2 pathways. 3

mainly due to the asymptomatic nature of the early lesions and resis-

Enhanced Notch activity has also been repeatedly associated with

1

tance to currently available chemotherapies. Therefore, it is crucial to
further the understanding of the molecular pathogenesis of this cancer
to identify potential biomarkers and novel drug targets.

proliferation and invasion in head and neck cancers.7–9
USP9X is a deubiquitylating enzyme (DUB) which regulates the
components of multiple signalling pathways, including those impli-

Both genetic and epigenetic mechanisms contribute towards the

cated in HNSCC development and progression.10–13 A functional role

activation or inactivation of key signalling pathways and acquisition of

for USP9X has been demonstrated in both development and disease,

the cancer phenotype.2 The p53, EGFR and Notch pathways are a few

and it has been implicated in several carcinomas and sarcoma.13–17 In

of the critically altered pathways in head and neck squamous cell car-

pancreatic cancer, loss of USP9X accelerated the generation of pancre-

cinoma (HNSCC).3,4 More than 50% of HNSCC malignance’s harbour

atic ductal adenocarcinomas, suggesting it acts as a tumour suppres-

inactivation mutations in p535 and in the tumours with wild-type p53,

sor, whereas in multiple myeloma, USP9X overexpression correlates

|
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|
with poor prognosis implicating an oncogenic role. The recent char-

at 4°C overnight. The membranes were washed three times with tris-

acterization of somatic mutation landscape of oral squamous cell car-

buffered saline with Tween-20 and incubated with appropriate HRP-

cinoma found USP9X mutations in a significant number of patients.18

conjugated secondary antibodies for 1 hour at room tempera- ture.

Most of the mutations were truncations, which are predicted to result

Immunoreactive bands were quantified using the VersaDoc Gel

in loss of function suggesting a tumour suppressive role for USP9X.

Imaging System (Bio-RAD, Berkeley, CA, USA). Values were normal-

This study aimed to further investigate USP9X’s role and the underly-

ized to the housekeeping gene, β tubulin/GAPDH.

ing molecular mechanism using cultured HNSCC cell lines.

2.5 | mRNA expression assay
2 | M ATERIALS AND METHODS
2.1 | Cell culture

Extraction of total RNA was carried out using QIAGEN RNeasy columns (Qiagen, Hilden, Germany). For cDNA conversion, 1 μg of total
RNA was reverse transcribed to cDNA as per the manufacturer’s

HNSCC cell lines, SCC15, CAL27 (from tumours in tongue) and FaDu,

protocol (Applied Biosystems, Carlsbad, CA, USA). Further real-time

Detroit 562 (from tumours in pharynx), and immortalized human skin

PCR was performed with the fluorescent SYBR green dye (Bioline,

keratinocyte cell line, HaCaT, were obtained from Prof. Nicholas

Taunton, MA, USA) in Rotor-Gene 6000 system (Corbett Life Science,

Saunders and Dr. Andrew Dilley at the University of Queensland. Cells

Mortlake, NSW, Australia). The primer sequences used are shown in

were cultured in Dulbecco’s Modified Eagle Medium (DMEM-F12; Life

Table 1. Data were analysed using REST 2009 software (QIAGEN).

Technologies, Scoresby, Vic., Australia) with 10% foetal bovine serum

The relative expression ratios were calculated using GAPDH as the

(Bovogen, Keilor East, Vic., Australia) at 5% CO2/37°C.

endogenous control.

2.2 | Transfection

2.6 | Cell cycle analysis

siRNA specific for human USP9X and non-target (NT) siRNAs were

Cells were harvested, washed twice with phosphate-buffered saline

purchased from Dharmacon (Layayette, CO, USA). Transfections were

and fixed with ice cold 70% ethanol with gentle vortexing. Cells were

carried out with DharmaFECT (Dharmacon) as per the manufacturer’s

then stained with propidium iodide and run through the flow cytom-

protocol. siRNA was used at a final concentration of 25 nmol L−1, and

eter (CyAN ADP; Beckman Coulter, West Sacramento, CA, USA).

treatment was carried out for 24–72 hours.
pDEST51 plasmid encoding V5 tagged USP9X (pDEST51 Usp9x)
has been described before.19 Plasmids were linearized by digesting

2.7 | Gamma secretase inhibitor treatment

with the endonuclease, Fsp I (New England Biolabs, Ipswich, MA,

To inhibit Notch signalling, cells were treated with 20 μmol L−1 of γ

USA). Linearized plasmids were transfected in to HNSCC cells using

secretase inhibitor, DAPT (Sigma-Aldrich, St. Louis, MO, USA) as pre-

lipofectamine 2000 as per instructions (Thermofisher Scientific,

viously described.20 Experimental controls were treated with 0.05%

Cambridge, MA, USA). After 72 hours of transfection, cells were treat-

DMSO.

ed with 4 μg/mL blasticidin for 12 consecutive days to select for stably
transfected pools.

3 | RESULTS

2.3 | CyQuant analysis

3.1 | Proliferation of head and neck cancer lines is
proportional to USP9X protein levels

CyQuant NF cell proliferation assay kit (Thermofisher Scientific)
measures the cellular DNA content via fluorescent dye binding. The

To study the effect of decreasing USP9X levels on HNSCC, it was first

assay was carried out as per the manufacturer’s protocol.

necessary to develop and verify a system of depleting USP9X protein

2.4 | Immunoblot analysis
Cells were lysed and protein concentrations were quantified using
Pierce BCA Protein Assay Kit (Thermofisher Scientific). Cell lysates
were separated by SDS-PAGE, and proteins were transferred to
polyvinylidene difluoride (PVDF) membranes. The membranes were

TABLE 1 PCR primer sequences
Target molecules
Forward

5′-AGGCGGACATTCTGGAAATG-3′

Reverse

5′-CGGTACTTCCCCAGCACACTT-3′

Forward

5′-ACCTGGATGCTGGAGGTCT-3′

Reverse

5′-GCTCCATTTGCAGCAGCTC-3′

c-MYC

Forward

5′-GCTGCTTAGACGCTGGATTT-3′

Reverse

5′-CACCGAGTCGTAGTCGAGGT-3′

GAPDH

Forward
Reverse

5′-CGATGCTGGCGCTGAGTACG-3′
5′-AGAGGGGGCAGAGATGATGACC-3′

HES1
cyclinD1

then incubated with anti-cleaved PARP1 (Cell Signalling Technology,
Danvers, MA, USA), anti-USP9X (Bethyl Laboratories, Montgomery,
AL, USA), anti-V5 tag (Abcam, Cambridge, UK), anti-S6 (Cell Signalling
Technology), anti-pS6 (Cell Signalling Technology), anti-β-tubulin
(Abcam) and anti-GAPDH (Cell Signalling Technology) antibodies

Primer Sequence

FIGURE 1 Alteration of USP9X protein
levels affected the cell proliferation of
HNSCC lines. HNSCC cell lines were
transfected with non-target
(NT)/USP9X-specific siRNAs for 72 h,
or with empty vector (pDEST51)/vector
expressing USP9X (pDEST51 Usp9x),
serum starved for 24 h and plated into
96/6-well plates with complete media
(with serum). (a) Following seeding of
siRNA-treated cells, CyQUANT analysis
was done to measure the number of cells
at each time point indicated on the graph.
Fluorescence readings correlate to cell
numbers. All readings were normalized
to the reading at 24 h. (b) Following
seeding of siRNA-treated cells, cells
were harvested at 48, 96 and 144 h and
the expression of cleaved PARP-1 was
determined by immunoblot analysis. Β
tubulin was used as the loading control.
(c) Following seeding of pDEST51 plasmid
transfected cells, CyQUANT analysis was
done to measure the number of cells at
each time point indicated on the graph.
Fluorescence readings correlate to cell
numbers. All readings were normalized
to the reading at 24 h. Error bars are the
mean ± SD. P-value: *<0.05 (Student’s
t test)

in these cell lines. To this end, HNSCC cells (Supplementary Fig. 1a)

by CyQUANT analysis. All readings were normalized to the value at 24

were treated with a final concentration of 25 nmol L−1 USP9X-specific

hours. In general, the depletion of USP9X protein correlated with a

siRNAs. As a control, non-target siRNAs were used. siRNA treatment

decrease in cell number in all four cell lines (Fig. 1a). However, the

was carried out for 72 hours after which, cell lysates were collected

extent and timing of the effect of USP9X depletion varied for each cell

and levels of USP9X protein were probed by immunoblot analysis. All

line. For the lines SCC15 and FaDu, an early and significant decrease

four HNSCC cell lines showed a substantial decrease in USP9X levels

was observed, whereas in Detroit 562 cells, a significant decrease was

compared to non-target siRNA-treated control cells (Supplementary

only observed late in the experiment. Conversely, knockdown of

Fig. 1b).

USP9X in CAL27 cells had a minimal impact on cell numbers. This was

To ascertain the effect of USP9X depletion on HNSCC proliferation, siRNA-treated cells were first synchronized in G0 phase of the

possibly due to the faster recovery of USP9X protein levels following
siRNA treatment in this line (Supplementary Fig. 1d).

cell cycle by serum starvation for 24 hours. Serum starvation did not

In order to investigate to what extent changes in apoptosis con-

induce complete cell cycle block in these cells (data not shown), but

tribute to the decreased cell numbers, immunoblot analysis was per-

they were plated in to 96-well plates and cell numbers were assessed

formed for an apoptotic marker, cleaved PARP1. However, the levels of

|

F I GU R E 2 Depletion of USP9X
altered cell cycle distribution of SCC15
and CAL27 lines. Cells transfected with
non-target (NT) or USP9X-specific siRNA
for 72 h, serum starved for 24 h and plated
in to six-well plates with complete media
(with serum). After seeding, cells were
harvested, fixed in 70% ethanol, stained
with propidium iodide and cell cycle
distributions were determined by flow
cytometry. Error bars are the mean ± SD.
P-value: *<0.05 (Student’s t test)

cleaved PARP1 did not vary in the absence of USP9X (Fig. 1b), suggesting USP9X regulates cell proliferation of these head and neck cancer
cell lines. Indeed, it appeared that very little apoptosis was occurring
in any cell, at any stage, with the exception of later cultures of CAL27
cells. Interestingly, this did not appear to inhibit cell number increases
in CAL27 cultures compared with the other three cell lines (Fig. 1a).
Cell cycle analysis was then performed on propidium iodide stained
cells to determine if it was altered in USP9X knockdown cells. Serum
starved HNSCC cells (for 24 hours) were replenished with complete
media, and cell cycle analyses were conducted 24, 72 and 120 hours
later. By 72 hours, in comparison to the controls, all four USP9X protein
depleted cell lines showed lower percentage of cells in G0/G1 phase
and higher percentages of cells in S and G2/M phase (Figs 2 and 3).
To further investigate the role of altered USP9X levels on HNSCC
cell proliferation, we measured the cell number in stably transfect- ed
pools where USP9X was ectopically expressed. Cells were stably
transfected with a mammalian expression vector containing full-length
19

mouse Usp9x cDNA,

3.2 | Notch activation correlates with the cell
proliferation of head and neck cancer cells
USP9X interacts with components of the Notch and Wnt signalling
pathways, such as Itch and β-catenin, respectively.12,21 These pathways regulate cell cycle progression, and their activation is indicated
by the transcription of downstream target genes, such as cyclinD1, cMYC (Wnt pathway) and HES-1 (Notch pathway). qPCR analysis
conducted on SCC15, CAL27, FaDu and Detroit 562 RNA showed that
level of HES1 mRNA directly correlated with alterations in cell
proliferation determined by the CyQUANT assay (Fig. 6). A significant
trend was not noted with the Wnt target genes, cyclinD1 or c-MYC
(Supplementary Figs. 2 and 3). In cells with depleted levels of USP9X,
HES1 mRNA expression was substantially reduced, whereas in cells
ectopically expressing USP9X, there was an increase in HES1 mRNA
levels (Fig. 6). Therefore, the level of HES1, a downstream target of
Notch, correlated with both USP9X levels and cell proliferation.

and the expression of V5 epitope-tagged USP9X

protein was observed in all four cell lines (Supplementary Fig. 1c).
Ectopic USP9X expression increased cell numbers, as determined by CyQUANT analysis as above, (Fig. 1c) and altered the cell

3.3 | Effect of USP9X on cell proliferation of FaDu
cells is independent of Notch signalling

cycle proportions (at 72 hours) of all four cell lines now showing more

HES1 expression directly correlated with USP9X levels. Thus, we

cells in G0/G1 and fewer in S and G2/M (Figs 4 and 5). These data

attempted to determine if USP9X regulated HNSCC cell prolifera-

demonstrate that changes in cell number in HNSCC cell lines were pro-

tion through Notch signalling. Of the four cell lines, FaDu showed the

portional to their relative USP9X levels, both increased and decreased.

largest decrease in cell proliferation upon depletion of USP9X. Thus,

F I GU R E 3 Depletion of USP9X
altered cell cycle distribution of FaDu
and Detroit 562 lines. Cells transfected
with non-target (NT) or USP9X-specific
siRNA for 72 h, serum starved for 24 h and
plated in to six-well plates with complete
media (with serum). After seeding, cells
were harvested, fixed in 70% ethanol
and stained with propidium iodide, and
cell cycle distributions were determined
by flow cytometry. Error bars are the
mean ± SD. P-value: *<0.05 (Student’s t
test)

FIGURE 4 Ectopic USP9X expression
altered cell cycle of SCC15 and CAL27
lines. Cells transfected with empty vector
(pDEST51) or vector expressing USP9X
(pDEST51 Usp9x) were serum starved
for 24 h and plated in to six-well plates
with complete media (with serum). After
seeding, cells were harvested, fixed in
70% ethanol and stained with propidium
iodide, and cell cycle distributions were
determined by flow cytometry. Error
bars are the mean ± SD. P-value: *<0.05
(Student’s t test)

|

FIGURE 5 Ectopic USP9X expression
altered cell cycle of FaDu and Detroit 562
lines. Cells transfected with empty vector
(pDEST51) or vector expressing USP9X
(pDEST51 Usp9x) were serum starved
for 24 h and plated in to six-well plates
with complete media (with serum). After
seeding, cells were harvested, fixed in
70% ethanol and stained with propidium
iodide, and cell cycle distributions were
determined by flow cytometry. Error
bars are the mean ± SD. P-value: *<0.05
(Student’s t test)
we treated this cell line with NT or USP9X siRNAs and monitored cell

decrease in USP9X protein levels as confirmed by western blot anal-

proliferation via CyQUANT analysis in the presence/absence of 20

ysis (Supplementary Fig. 4b). CyQUANT analysis showed that upon

−1

μmol L

of γ-secretase inhibitor, DAPT. DAPT treatment resulted in

depletion of USP9X, the cell proliferation of HaCaT cells actually

a significant decrease in cell proliferation in NT-treated cells but not to

increased (Fig. 8a). Interestingly, even in HaCaT cells, USP9X seems

an extent of USP9X siRNA treatment (Fig. 7a). Also, DAPT treat- ment

to directly regulate Notch signalling as its depletion reduced the

of USP9X siRNA-treated cells resulted in further suppression of cell

transcript levels of HES1 (Fig. 8b).

proliferation, which implied that the effect of USP9X on cell
proliferation is not through Notch pathway.
Alterations in the mTOR pathway are prevalent in the HNSCC,

4 | DISCUSSION

independent of EGFR and p53 status.22 Since mTOR is a known
regulator of cell cycle progression23 and USP9X interacts with the

The data presented in this study indicate that USP9X promotes the

components of mTOR signalling pathway such as Rictor and Raptor in

proliferation of four established HNSCC cell lines. It also directly regu-

C2C12 myoblasts,11 we monitored mTOR complex 1 (mTORC1)

lates Notch signalling activity within these cells.

activity by probing for its downstream target, phosphorylated S6.

In general, USP9X has been found to promote the advancement

Both p-S6 and total S6 were depleted upon USP9X knockdown (Fig.

of epithelial cancers investigated so far. USP9X expression correlates

7b).

with poor prognosis of oesophageal squamous cell carcinoma26 and
non–small-cell lung cancer.17 Genetic disruption or downregulation of
USP9X leads to increased sensitivity and reduced bioactivity of

3.4 | USP9X protein levels inversely correlate with
cell proliferation of skin keratinocytes

colorectal cancer,15 hepatocellular carcinoma27 and pancreatic ductal adenocarcinoma24 cells. Interestingly, USP9X has been found to
24

play a bimodal role in the same cancer depending on the stage. Such

and is implied by its both oncogenic (in cultured PDA lines) and

context-specific role of USP9X was first documented by Cox et al.24

A cell context-specific role has been previously reported for USP9X
16,24

We examined if the role of

when they depleted USP9X in five established pancreatic cell lines and

USP9X is different in non-transformed epithelial squamous cells

discovered a growth promotor action as opposed to the tumour

compared with tumour-derived epithelial squamous cells. For this, we

suppressive function during the generation of pancreatic adenocar-

chose

skin

cinoma in vivo.16 Similarly, in our study, depletion of USP9X in four

Treatment with

established head and neck cancer cell lines revealed a growth promo-

tumour suppressor (in vivo) functions.

the

immortalized

but

non-transformed

keratinocytes, HaCaT cells (Supplementary Fig. 4a).

25

human

USP9X-specific siRNAs for 24 hours led to a substantial

tor action but its depletion in non-transformed human keratinocytes

FIGURE 6 HES-1 mRNA levels
showed a direct correlation with HNSCC
cell numbers. HNSCC cells treated with
non-target (NT)/USP9X siRNAs for
72 h or stably transfected with empty
vector (pDEST51)/vector expressing
USP9X (pDEST51 Usp9x) were serum
starved for 24 h and plated into sixwell plates with complete media. Cells
were harvested at different time points
indicated on the graphs, and RNA was
extracted, cDNA was synthesized and
qPCR analysis was done to measure HES-1
expression. Relative expression ratio of
HES-1 levels in USP9X siRNA treated
(USP9X knockdown)/pDEST51 Usp9x
transfected (USP9X ectopic expression)
cells is shown by the box-and-whisker
plots. GAPDH was used as the endogenous
control. Ratios over 1 indicate higher
expression of mRNA and ratios below
1 indicate lower expression of mRNA.
P-value: *<0.05. P-values were calculated
by Randomization Test using REST 2009
software

induced the opposite. This is consistent with USP9X’s proposed role

dysplasias.7,29,30 The biological significance of Notch signalling was

as a tumour suppressor which needs to be silenced by truncat- ing

demonstrated when Notch inhibition by gamma secretase inhibitors

mutations in patients with GB-OSCC.18 However, tumours that retain

in HNSCC cell lines lead to significant reduction in cell proliferation

USP9X may modify its role epigenetically to benefit tumour survival.

and invasion.7,8 Additionally, NOTCH1 protein localizes to the inva-

Several studies have emphasized the importance of Notch signal-

sive tumour front of oral squamous cell carcinomas.7 In this study, a

ling pathway in head and neck cancers. Analysis of HNSCC revealed

direct correlation between Notch activity and USP9X protein levels

copy number gains in several genes of Notch signalling pathways,

was established through the quantification of mRNA levels of Notch

including the Notch ligand JAG1.9 Additionally, when mRNA was

downstream effector, HES1. However, USP9X may regulate cell pro-

examined, 32% showed the activation of downstream Notch effec-

liferation of these cell lines independently of Notch activity. Instead,

tors HES1/HEY1. Similarly, other studies have shown upregulation of

mTOR pathway may be involved. mTOR is an important downstream

mRNA levels of Notch pathway genes, such as NOTCH1, NOTCH2, JAG2,

effector of PI3K/Akt signalling pathway, and it is commonly activated

HES1 and HEY 1 in oral squamous cell carcinoma.9,28 Elevated protein

in head and neck cancers.4 Activated mTOR pathway promotes tran-

levels of NOTCH1, HES1 and JAG1 were also reported in oral

scription of genes regulating cell growth and proliferation. In FaDu,
knockdown of USP9X lead to a depletion of ribosomal protein S6 and

|
(a)

(a)

(b)

(b)

FI GU RE 7 USP9X does not regulate cell proliferation through
Notch pathway in FaDu cells. FaDu cells were treated with nontarget (NT) or USP9X siRNAs for 72 h, and serum starved for 24 h
and seeded in to 96/6-well plates with complete media. (a) Cells in
96-well plates were maintained in complete media with γ-secretase
inhibitor, DAPT, and cell numbers were measured with CyQUANT
assay. Fluorescence readings correlate to cell numbers. All readings
were normalized to the reading at 24 h. Error bars are the mean ± SD.
P-value: *<0.05 (Student’s t test). (b) After 48 h, cells (subconfluent)
in six-well plate were harvested, proteins were extracted, and the
expression of S6 and its phosphorylated form was determined by
immunoblot analysis. GAPDH was used as the loading control

FIGURE 8 USP9X depletion increased the cell numbers of
HaCaT cells. HaCaT cells treated with non-target (NT) or USP9X
siRNAs for 24 h were serum starved for 24 h and plated into 96/6well plates with complete media. (a) Cell numbers were measured
by CyQUANT assay at the time points indicated on the graph.
Fluorescence readings correlate to cell numbers. All readings were
normalized to the reading at 24 h. Error bars are the mean ± SD.
P-value: *<0.05 (Student’s t test). (b) Cells were harvested at
different time points as indicated on the graphs, and RNA was
extracted, cDNA was synthesized, and qPCR analysis was done
to measure HES-1 expression. Relative expression ratio of HES-1
levels in USP9X siRNA (USP9X knockdown)-treated cells is shown
by the box-and-whisker plots. GAPDH was used as the endogenous
control. Ratios over 1 indicate higher expression of mRNA, and
ratios below 1 indicate lower expression of mRNA. P-values
were calculated by Randomization Test using REST 2009 software.
P- value: *<0.05

implementing inhibitors targeting proteins like USP9X, which display
its phosphorylated form, and this may have impeded cell cycle, thus
retarding cell proliferation. Although S6 kinase is regulated by ubiqui31,32

tylation,

there is no report that total S6 is also post-translationally

modified in this manner. Therefore, the effect of USP9X depletion on
total S6 may occur indirectly and/or independently of its deubiquitylating activity.

bimodal, context-specific roles. This is especially relevant in epithelial
cancers, such as head and neck carcinoma, where field cancerization
prevails,36,37 and several cancer initiating cells are scattered throughout the primary tumour. When the loss of USP9X could be detrimental
to the tumour cells, its loss in cancer initiating cells could expedite the
development of secondary tumours.

Given the role of DUBs in numerous human cancers, their inhibitors have emerged as potential cancer therapeutics.33 Small-molecule
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